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1 INTRODUCTION 
 
The ability of block copolymers to form various structures on the nano-length scale is of 
great theoretical and practical importance. Due to this unique property block copolymers 
present a very useful tool to create various nano-materials and have been used as templates 
to fabricate nanowires [1-3], nanomembranes [4], magnetic storage media [5], nanopores 
[6], silicon capacitors [7]. They can also be used as components in optical and electronic 
devices or as semiconductors for lithography [8]. The list of possible applications of block 
copolymers is enormous and will be still increasing due to the ongoing demands for new 
classes of functional materials. The technological challenges require the synthesis of tailor-
made polymers with controlled microstructures and polydispersities as well as studies of 
their structure-property relationships. Depending on the application, polymeric materials 
have to satisfy certain requirements in terms of their processability, durability, resistance to 
environment, mechanical performance [9]. A very important feature of polymers is also the 
wettability of their surfaces. A large number of industrial applications of polymeric 
materials require to control the level of surface hydrophilicity or hydrophobicity [10]. 
Wettable polymer surfaces are well suited for printing, coating or as support for cell 
adhesion, while the hydrophobic surfaces do not promote bioadhesion and are very suited 
for fabrication of self-cleaning surfaces. 
Among the various of polymeric systems being commonly used methacrylic-based 
polymers, especially PMMA, has found wide industrial applications due to its unique 
optical and physical properties. Because of long-term biocompatibility and functionality 
they are increasingly used as biomaterials for numerous medical applications such as 
intraocular or contact lenses, vascular grafts or drug releasing systems [10]. 
However, the application of their corresponding block copolymers has attracted much less 
attention. A considerable theoretical and experimental effort has been mostly devoted to 
understand the phase behavior of diblock copolymers like PS-b-PVP [11], PI-b-PS [12], 
PS-b-PMMA [13], PS-b-PB [14]. The large structural diversity of the coexisting blocks 
facilitates the phase separation of these block copolymers. In contrast to them, poly(n-alkyl 
methacrylate-b-methyl methacrylate), PnAlkMA-b-PMMA, diblock copolymers consist of 
two rather similar components. However, with increasing n-alkyl chain length of the 
PnAlkMA the difference in the polarity and tensile strength of the blocks becomes more 
significant leading to change in the interfacial width [15] and mechanical properties [16] of 
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the system. The coexistence of components with different polarity may affect also the 
wettability and adhesion of these polymeric materials. 
 
Aim of this thesis 
 
Due to the steadily increasing demand for the creation of new nano-materials there is still a 
huge need to search for functional polymers, that can further satisfy the technological 
challenges. Besides the syntheses of new polymeric systems, the growing theoretical and 
practical interest in this field is devoted on the understanding of the structure-property 
relationships of the investigated polymers, which has a profound influence on determinig 
their potential applications in the nanotechnology. Numerous studies have dealt with this 
topic. They have provided a lot of important information, which have had a significant 
effect on better understanding of this issue. However, the understanding is still far from 
being complete and hence, the continuation of studies on this topic is of great importance. 
Therefore, the technological challenges for the creation of functional nano-materials as 
well as the necessity of further studies on determining the structure-property relationships 
(phase behavior) of polymeric systems are the keynotes of this thesis. 
In order to fulfil these requirements and to provide more information about the phase 
behavior of polymers, series of polymethacrylic diblock copolymers consisting of poly(n-
alkyl methacrylate) and poly(methyl methacrylate) blocks will be synthesized and 
investigation concerning their phase behavior and its influence on the wettability of 
polymeric surfaces will be performed (Scheme 1). 
 
 
 
 
 
 
 
 
 
 
R- propyl, pentyl group 
Scheme 1. Aim of this thesis. 
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For this study, two polymethacrylic systems only differing in their alkyl rest of the 
PnAlkMA block: poly(pentyl methacrylate)-block-poly(methyl methacrylate) (PPMA-b-
PMMA), and thereafter poly(propyl methacrylate)-block-poly(methyl methacrylate) 
(PPrMA-b-PMMA) are chosen. The relative long alkyl side chains of PPMA make it 
distinctly more hydrophobic than PMMA, whereas PPrMA only slightly differs from 
PMMA. Therefore, it will be possible to prove how the alkyl rest affects the phase 
behavior and surface properties of the system. The polymethacrylates are chosen because, 
considering their unique properties, they present an interesting and promising class of 
polymers for potential applications in nanotechnology. 
Based on this studies it will be further possible to draw conclusions about structure-
property relations in PPMA-b-PMMA and PPrMA-b-PMMA diblock copolymers in the 
bulk as well as in thin films. So far, such extensive studies on the phase behavior of 
polymethacrylic diblock copolymers mentioned above were not given and therefore, the 
presented study will have an essential contribution to further extend our knowledge about 
the phase behavior of this class of materials. 
The experimental and theoretical studies are carried out as follows: 
PPrMA-PMMA and PPMA-PMMA diblock copolymers with varied block length ratio as 
well as molar masses of the blocks have to be synthesized by means of living anionic 
polymerization with sequential monomer addition. The phase behavior in bulk has to be 
studied by DSC, SAXS, and AFM measurements (Chapters 4.1.2 and 4.2.2), the 
morphology of thin films by AFM and GISAXS (Chapters 4.1.3 and 4.2.3). The surface 
compositions will be determined by XPS measurements (Chapters 4.1.4 and 4.2.4). In 
order to compare the experimental findings with theoretical data, phase diagrams will be 
calculated (Chapters 4.1.2.4 and 4.2.2.3). Finally, the wettability of thin polymer films will 
be examinated by contact angle measurements (Chapters 4.1.4 and 4.2.4). 
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2 THEORETICAL PART 
2.1 Block copolymers 
 
 
Block copolymers consist of two or more chemically different polymer blocks that are 
covalently bond at one position. Depending on the arrangement of the blocks following 
architectural forms are possible (Figure 2-1). 
 
Linear AB diblock  Linear ABC triblock (AB)n star  Brush 
Cyclic AB diblock Mixed arm star block (AB)n multiblock  
 
Figure 2-1. Various architectures of block copolymers. 
 
The architecture of block copolymers as well as the physical characteristics of the 
coexisting components determine unique solid state and solution properties of block 
copolymers which in turn lead to various applications. There are several synthetic methods 
being used for preparation of block copolymers, the most important are: 
 
• living ionic polymerization (anionic, cationic, GTP) 
• controlled radical polymerization (NMP, RAFT, ATRP). 
 
Out of these techniques the living anionic polymerization still is the most powerful method 
providing block copolymers with very narrow molar mass distribution (Mw/Mn < 1.1) in a 
wide range of molar masses. The low polydisperisty and high molar masses are necessary 
to obtain well nanoseparated materials. The controlled radical polymerization, despite of 
the huge progress in this field, still yields usually products with Mw/Mn > 1.1 and with Mn 
< 100,000 g/mol. 
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2.1.1 Fundamentals of living polymerization 
 
A living polymerization is a chain polymerization that proceeds only through two steps: 
initiation and propagation. The termination and transfer reactions are absent. The rate of 
initiation is fast compared to the rate of propagation permitting all chains to start their 
grow at the same time and grow with the same rate until complete consumption of the 
monomer. Moreover, after exhaustion of monomer all the chains remain active and 
continue their growth upon further addition of monomer. 
Under these conditions the molar mass increases linearly with the conversion, the number-
average degree of polymerization is determined by the molar ratio of monomer to initiator 
(Eq 2-1): 
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[ ]0M - initial monomer concentration 
px - monomer conversion 
[I]0 – initiator concentration, 
and the polymerization is of first order kinetic (Eq. 2-2), (Figure 2-2): 
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Figure 2-2. The first order time conversion plot.  
 
 
 
kapp = kp [P*] 
t
ln
 ([
M
] 0 
/ [
M
]) 
THEORETICAL PART 6
The molar mass distribution is Poissonian: 
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The living polymerization, due to its unique nature, presents a very useful tool for 
preparation of various types of block copolymers by sequential monomer addition. 
Moreover, it allows synthesis of chain–end functionalized polymers. The functional end 
groups can be incorporated either by controlled termination or by using functionalized 
initiating species. 
The living polymerization conditions are mostly attained in the ionic polymerizations: 
anionic, cationic, and ring opening polymerization. However, the ideal living character is 
achieved only in the anionic polymerization and particularly in the anionic polymerization 
of styrene or diene in polar solvents [17]. 
Recently, the rapid development of free radical polymerization techniques showed 
that the well-defined polymers can be prepared not only in true living systems but also in 
systems with chain-breaking (transfer and reversible termination) reactions. To this end the 
initiation step and the exchange reactions have to be sufficiently fast. On the other hand, if 
the rate of the initiation and the exchange rate between different active species are slower 
than the rate of the propagation, polymers with broad molar mass distribution are obtained 
even under the absence of the chain-breaking reactions [9, 18]. Therefore, the living 
polymerization might not necessarily proceed in a controlled way. Vice versa, the control 
over the polymerization can be achieved even if the living polymerization conditions are 
not fulfilled. 
 
2.1.1.1  Living anionic polymerization 
 
The living character of anionic polymerization was first described by Szwarc in 1956 [19]. 
Anionic polymerization proceeds via carbanions that are formed in the first reaction step 
(Scheme 2.1). 
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R + CH2 C
X
Y
R CH2 C
X
Y
δ δ RCH2C
X
Y
 
Scheme 2.1. Formation of active carbanion. 
 
The appropriate initiator for anionic polymerization is a nucleophile, e.g. organometalic 
compounds or bases and its nucleophilicity should match the electrophilicity of the 
polymerizable monomer. Due to the high reactivity of the initiator towards electrophilic 
compounds or oxygen, high-purity reagents and special reaction conditions are required, 
i.e. aprotic solvents, inert atmosphere and high vacuum techniques. 
The monomers should contain a substituent, which will be able to stabilize the carbanion 
charge: 
• non-polar vinyl monomers with strong delocalization (styrene, diene) 
• polar electrophilic monomers with electron-withdrawing substituents (acrylates, 
methacrylates, acrylonitriles) 
• heterocyclic monomers (oxiranes, sulfides, lactones, siloxanes). 
 
In the propagation step the nucleophilic carbanion attacks the monomer molecule leading 
to reformation of the first anionic centers. The propagation proceeds via various forms of 
active centers that differ in the strength of ion-ion interaction (Scheme 2.2). 
Solvation Dissociation 
 
R  X + nS
Kcs
R , nS, X
KD
R + X , Sn
contact ion pair
(peripherally solvated)
solvent separated 
ion pair
free ions
 
 
Scheme 2.2. Winstein diagram illustrating the coexistence of various forms of active centers in 
anionic polymerization. 
 
The reactivity of the active centers depends profoundly on the polarity of the solvent, size 
of the counterion and temperature. General, in polar solvents the equilibrium will be 
shifted towards more dissociated species solvent-separated, free ions. In non-polar media 
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the formation of aggregates with varying degrees of association dominates. The influence 
of the solvent on the reactivity of ion pairs can be attributed to changes in the position of 
the equilibrium between contact and solvent-separated ion pairs [20]. 
In order to obtain block copolymers via the monomer addition approach with narrow molar 
mass distribution the following conditions have to be fulfilled: 
1. The nucleophilicity of the carbanion of the first monomer must be stronger than 
that of the second one, e.g., the polystyrol carbanion is able to start the 
polymerization of methyl methacrylate, but the reverse reaction is not possible 
because the polymethylmethacrylate carbanion is not nucleophilic enough to 
initiate the polymerization of styrene. 
2. The rate of initiation reaction of the second monomer by the carbanion of the 
first monomer must be higher than the rate of its propagation. 
3. The second monomer should possess an extremely high purity in order to 
prevent termination of living centers of the first monomer [21]. 
2.1.1.2 Living anionic polymerization of methacrylates 
 
Anionic polymerization of methacrylic monomers is complicated by the presence of the 
polar carbonyl group that can react with the initiator or living ends leading to chain 
termination. 
R + CH2 C
CH3
C O
OR'
CH2 C
CH3
C O
OR
+ R'O
 
In addition, due to the enolate character of the carbonyl group, the monomer reacts either 
with the carbanion (1,4-addition) or with the enolate oxygen (1,2-addition).  
C
C O
CH3
OR
δ
δ
+ CH2 C
CH3
C O
OR
C
CH3
CH2 C
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δ
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C O CH2 C
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Other possible side reactions of methacrylates [22] are:  
• intermolecular polymer termination 
 
C
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C O
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+ C
CH3
C O
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C
C O
CH3
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C
O
C CH3 + RO
 
• backbiting 
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In order to avoid the occurrence of these unfavorable side reactions, the polymerization of 
methacrylates should be carried out in polar aprotic solvents, e.g., THF, DMF, at low 
temperature (-78 °C), in the presence of large counterions. The initiator should be 
relatively less active, i.e. reactive enough to give fast initiation but not nucleophilic 
towards the carbonyl group of the monomer [20]. In order to decrease the reactivity of 
butyl lithium initiators it will be sterically hindered by reaction with diphenylethylene [21], 
[23-25]. A profound influence on the kinetics of the polymerization has the addition of 
additives like common ion salts, σ-ligands (glymes, crown ethers), μ- and σ, μ- ligands 
(alkoxides, alkali halides). The existence of these compounds in the reaction mixture leads 
to a significant decrease of the molecular mass distribution. The most commonly used 
additive is LiCl, which coordinates with ion pairs through formation of μ-complexes 
displacing the equilibrium between different types of ion-pair [26-30]. 
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C
Li
X
Li
 
Scheme 2-3. μ-type complex of LiCl with carbanion. 
 
Recently, from the quantum-chemical density functional theory (DFT) approach it was 
demonstrated that in THF solution LiCl forms stable mixed aggregates with ester enolates, 
which model the PMMA living chain ends preventing them from self aggregation [31]. 
2.1.1.3  Living cationic polymerization 
 
The main limitation of the cationic polymerization is the inherent instability of the 
carbocation leading to chain transfer reaction. The high activity of carbocations towards 
nucleophilic and basic compounds results mainly from the acidity of β-protons, where a 
considerable part of the positive charge is localized. Thus, in order to overcome the 
transfer reaction it is necessary to reduce the acidity of the β-proton and stabilize the 
growing carbocations by, e.g., their reversible conversion to a dormant state (covalent form 
or onium ion). This can be simply achieved using binary initiating systems. Already known 
are the following systems [32]: 
 
1. Protonic acid / Lewis acid ( HI / I2 ; HCl / ZnCl2 ) 
CH2 CH
OR
HX
H CH2 CH
OR
X
Z
H CH2 CH
OR
X Z
H CH2 CH
OR
X Z + CH2 CH
OR
H CH2 CH
OR
CH2 CH
OR
X Z
n
Z : I2; MtXn
 
Scheme 2-4. Mechanism of cationic polymerization. 
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The protonic acid undergoes a selective addition across the double bond of the monomer 
giving a covalent adduct (dormant alkyl halide) that is further reversibly activated by the 
Lewis acid (electron acceptor). This active form starts the polymerization by reaction with 
incoming monomer molecule. The equilibrium is shifted towards the inactive form 
decreasing the amount of active carbocationic growing species and allows control of the 
polymerization. 
2. Strong Lewis acid / Lewis base 
Here, unfortunately, through formation of binary weak nucleophilic counteranions that are 
not sufficient to stabilize the growing carbocations, polymers with broad molecular mass 
were obtained. This problem can be overcome by addition of salts such as ammonium or 
phosphonium derivative that suppress the free ions and modify the nature of Lewis acid. 
Moreover, the presence of these salts in the reaction mixture allows to conduct the 
polymerization in a polar solvent.  
 Cationic polymerization is mostly used for polymerization of vinyl monomers 
(vinyl ethers, isobutene, styrene). Unlike the anionic polymerization, in the cationic 
polymerization monomers with pendant functional groups can be used. Due to the increase 
of the transfer reaction with chains length and temperature only low molecular mass 
polymers can be synthesized. High molecular products can be obtained only at low 
temperature (-100 °C). 
2.1.1.4 Group transfer polymerization (GTP) 
 
GTP was devised by Webster and Sogah (Du Pont) in 1983 and it permits living 
polymerization of α,β-unsaturated esters (acrylates, methacrylates), ketones, nitriles and 
carboxamides at room temperature using silyl ketene acetals as initiator [33]. The initiator 
must be activated either by nucleophilic salts such as fluorides, azides, cyanides or by 
Lewis acids [34]. The former are used for the synthesis of methacrylates and the others are 
employed for polymerization of acrylates. 
 During the polymerization the reactive silyl ketene acetal group is transferred to the 
incoming monomer molecule providing living polymeric chains. Sequential addition of the 
second monomer leads to the formation of block copolymer. Reaction can be terminated 
either by desilylation or by removal of catalyst. The appropriate solvents are toluene or 
THF because protonic solvents with active hydrogen will stop the polymerization. 
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Scheme 2-5. Mechanism of GTP of methacrylate with bifluoride as catalyst [33]. 
 
This method is very suitable for the preparation of polymers with functional groups, e.g., 
allyl, vinyl benzyl. Unfortunately, monomers containing groups with active hydrogens like 
hydroxyl, carboxylic acid, phenol cannot polymerized. Moreover, high molecular mass 
polymers (Mn > 100,000) are difficult to synthesize. The high cost of GTP and the use of 
toxic catalysts are the other limitations of this technique. 
2.1.2  Controlled radical polymerization 
 
Controlled radical polymerization proceeds either by reversible deactivation (NMP, ATRP) 
or by reversible transfer (RAFT) and presents a very useful tool for creation of a wide 
range of functionalized polymers as well as the preparation of block, random and gradient 
copolymers. 
General, controlled radical polymerization is based on the dynamic equilibrium between a 
very small fraction of propagating free radicals and a majority of dormant species. The 
equilibrium ensures a low concentration of free radicals, thereby decreasing the rate of 
bimolecular termination and transfer reactions. Moreover, it permits equal propagation of 
polymer chains through frequent interconversion between active and dormant species and 
therefore narrow molecular mass distribution. 
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R X R + X
+M
RM + X
+ M
RM X
 
cheme 2-6. General mechanism of controlled radical polymerization. 
On the contrary to the ionic polymerization, high purity of components is not 
necessa
2.1.2.1 Nitroxide mediated polymerization (NMP) 
lthough the concept of nitroxide mediated polymerization was introduced at the 
lled: “the persistent radical effect” (Scheme 2-7). 
undergo irreversible radical-radical termination reaction (self-combination) or reversible 
R , X
R X : inactive species
: active radicals
M : monomer
 
S
 
ry and reactions can be carried out at convenient temperatures. The main 
disadvantages are: no control of transfer reaction, termination reaction can not be 
completely avoided. 
 
 
A
beginning of the 1980ies [35] for a long time it has been difficult to obtain a well-defined 
polymers. The huge progress in this topic began in 1992 when Georges reported 
polymerization of polystyrene with a bimolecular initiator system consisting of benzoyl 
peroxide and TEMPO [36]. Unfortunately, some limitations were associated with this 
technique including high polymerization temperature and incompability with many 
important monomer families. Therefore, it was also necessary to develop a new class of 
initiators. Intensive studies in this field provided two groups of effective initiators: 
phosphonate derivatives [37] and arene derivatives [38]. These compounds permit the 
controlled polymerization of acrylates, acrylamides, 1,3-dienes and acrylonitrile providing 
products with narrow polydispersities. 
NMP based on a kinetic effect, so ca
Initially, through decomposition of an initiator two radicals are formed: persistent radical 
(R) and a propagating radical (transient radical) – (X). Whereas the transient radical may 
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reaction with the persistent radicals, the persistent radical can only undergo a reversible 
recombination reaction with the transient radical. Thus, every irreversible self-termination 
reaction of transient radicals eliminate the transient radicals from reaction medium and 
leads to buildup of excess of persistent radicals that increase with the reaction time. At 
elevated concentration of the persistent radicals they will undergo reversible deactivation 
to form the dormant species and this reaction will be favored over the irreversible self-
combination reaction of the transient radicals. Thus, the irreversible reaction will be 
suppressed and the control over the polymerization will be achieved [39, 40]. 
 
X X
 
 
cheme 2-7. Principle of pe
lity of alkoxyamine initiators during the 
olymerization. This feature is also very useful for surface modification [41, 42]. The large 
S rsistent radical effect. 
 
The main advantage of NMP is the stabi
p
progress in NMP significantly increased usefulness of this technique for preparation of 
well-defined polymers. However, problems as the polymerization of methacrylates and 
vinyl acetate based monomers or the need of polymerization temperature remain unsolved. 
 
 
 
 
 
 
 
 
 
X R X + R
M (monomer)
X M
n
R
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2.1.2.2 Reversible Addition-Fragmentation Chain Transfer Polymerization 
(RAFT) 
monomers including the functional ones and providing polymers with narrow 
olydispersity. Moreover, it allows preparation of comb, graft and star polymers in many 
 
 
 
cheme 2-8. Mechanism of RAFT polymerization. 
 
RAFT is a versatile method because it can be applied to the synthesis of a wide range of 
p
solvents and at broad temperature range in different reaction media (bulk, emulsion, 
suspension). The main requirements are: minimization of the initiator concentration and 
applying of the solvents and initiators that give minimal chain transfer [43-45]. 
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S
2I ; I
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S S
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R Pm S
Z
S R
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S RPm S
Z
Pm S S
Z
+ R
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RAFT polymerization is a reversible chain transfer mediated process proceeding in the 
resence of an agent that has a profound influence on the effectiveness of this method. 
portance. The most 
oiety is transferred between dormant and active chains [46]. Due to the 
The use of t  proposed by M. 
 this method a transition metal complex acts as a transfer agent. The basis of ATRP 
 
Scheme 2-9. Mechanism of ATRP. 
 
p
Therefore, the choice of appropriate RAFT agents is of great im
suitable are thiocarbonylothio compounds, e.g. dithioesters, dithiobenzoates, and 
trithiocarbonates. An effective agent should have a high transfer constant regarding the 
monomer being polymerized and the leaving radical should be able to re-initiate 
polymerization. The reactivity of the RAFT agents depends strongly on the nature of their 
substituents (R, Z). 
A living character of RAFT process is demonstrated by incremental growth of the chains 
with conversion resulting from the reversible addition-fragmentation sequence in which the 
thiocarbonylothio m
reversible chain transfer mechanism radicals are neither formed nor destroyed during the 
process. Thus, RAFT polymerization must be initiated by an external source of the free 
radicals. 
In order to maintain the living character of RAFT it is necessary to optimize reaction 
conditions for each system. 
2.1.2.3 Atom Transfer Radical Polymerization (ATRP) 
 
ransition metal complexes for the synthesis of polymers was
Sawamoto [47] and K. Matyjaszewski [48]. 
In
mechanism is ATRA (atom transferred radical addition), called Kharasch addition, an 
efficient method used in organic synthesis. 
RM X + Mt
nY/L RM + X Mt
n+1Y/L
Propagation
+ Mt
nY/LPn X Pn + X Mt
n+1Y/L
M+
kp
ka
kd
Termination
Pn + Pm Pn+m
kt
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Initiation proceeds via homolytic dissociation of the carbon-halogen bond in the “dormant 
organic halide”(RM-X) by oxidation of the metal in the complex (Mtn-Y/L) giving a 
radical ( ⋅RM ) and an oxidized metal compound (X-Mtn+1/L). The radical starts the 
polymerization and also reacts with the halogen on the oxidized metal to regenerate the 
dormant species.  
In the propagating step low concentration of active polymer chains ( ) compared to the 
total concentration of polymer chains is achieved by the dynami ium between 
ant (PnX) and active ( ) chains. This ensures that only small amount of chains 
-radical termination. However, this small amount of 
rmination reaction leads to the increase of metal complexes (X-Mtn+1/L). Thus, the 
 kine
n be expressed as: 
⋅nP
c equilibr
⋅nPdorm
undergo an irreversible radical
te
deactivation reactions will further prevail over the irreversible radical-radical termination 
reaction, enhancing the control over the process. This reaction scheme shows that ATRP 
obeys the tic laws of the “persistent radical effect”, analog to the NMP (see Chapter 
2.1.2.1) [49]. 
The equilibrium ca
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n
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where: 
ka- equilibrium constant of activation 
kd- equilibrium constant of deactivation 
 
During the polymerization the metal complex undergoes a one-electron oxidation-
reduction cycle. Therefore, the central m
kd
etal of the catalyst should have at least two 
a high affinity for atom group X but a low 
ards hydrogen and alkyl radicals. The most effective metals in catalyzing living 
radical polymerization are Fe (II), Ni (II), Cu (I). 
The stability of transition metal complex is strongly influenced by their substituents and 
ligands. Ligands affect the redox process and the solubility of the catalytic system. The 
propriate ligands for ATRP are derivatives of 2,2-bipyridine and also such amines 
ne (PMDETA), hexamethyltriethylene tetramine 
]. 
he used initiators, general alkali halides, should consist of one or more substituents that 
will support radical formation or stabilize the resulting radical by resonance. Additionally, 
valence states. Additionally, it should have 
affinity tow
most ap
as: pentamethyl diethylene triami
(HMTETA), tetramethylethylenediamine (TMEDA) [50
T
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it is most effective to use an initiator that structure is similar to the growing polymeric end 
because it allows fast initiation yielding products with narrow molar mass distribution and 
controlled molar mass. 
The living character of ATRP is manifested by linear evolution of molar mass with 
conversion and constant concentration of the chain radicals during the polymerization [21]. 
ced by the immiscibility of the 
C
igure 2-3. Thermodynamic equilibrium morphologies in AB diblock copolymers depending on 
the volume fraction of component A [51]. 
 
 
These stru
ciated with 
stretching p terfacial 
nsion favors the formation of constant mean curvature interfaces, the entropic stretching 
s. The competition between the both tendencies 
ze. The geometry of the structures is chosen so as to 
It can be achieved by low concentration of growing radicals and if the redox reaction is 
faster compared to the bimolecular reaction of the radicals. 
2.1.3 Theory of microphase separation of block copolymers 
 
The microphase separation of block copolymers indu
chemically different segments gives rise to formation of various structures on the nano-
length scale. Commonly observed are spheres, hexagonally ordered cylinders, gyroid and 
lamellae morphologies (Figure 2-3). 
 
 
B C: body-centered cubic packed spheres 
CYL: hexagonally-packed cylinders 
GYR: gyroid, cubic bicontinous 
LAM: lamellae 
 
F
ctures arise as the system tends to satisfy the balance between the energy cost of 
internal interfaces separating dissimilar blocks and the entropy cost asso
olymers so as to maintain a uniform segment density. Whereas the in
te
penalty favors domains of uniform thicknes
determines the equilibrium domain si
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best satisfy the spontaneous mean curvature of the internal interface [52]. Flat interfaces 
n compositionally and volume symmetric block copolymers (fA = fB). As 
on as the system becomes asymmetric in composition (fA > fB), the majority component 
ntropy. As consequence the interface becomes curved towards the minor component 
Figure 2-4). 
avior of block copolymers is governed by following parameters: 
 
1. The , reflecting the N-dependant 
2. The segm ter), χ, which is 
rength of repulsive 
3. The copoly
will be formed i
so
will tend to expand along the direction parallel to the interface to gain the conformational 
e
(
 
 
 
 
 
 
 
Figure 2-4. Chain conformation in the microphase separated state: a) stable flat interface from a 
compositionally symmetric block copolymers, b) a stable curved interface in case of asymmetric 
block copolymer. 
 
 
The phase beh
a) b)
overall degree of polymerization, N, N= NA + NB
translational and conformational entropy, 
ent-segment interaction parameter (Flory-Huggins parame
inversely proportional to the temperature and represents the st
interactions between different segments, 
mer composition, f, f =NA/N, 
4. Fluctuations effects related to the Ginzburg parameter, NvN 26
_ −= α , where 
( ) 216/ −= NRa g  and v is the segment volume, 
5. Conformational asymmetry, 2
2
2β1
βζ = , where v6
2β = , which chara
2α cterizes the 
elative asymmetry in conformational versus volume filling behavior of both 
The key parameter is the product of χN representing the balance between enthalpic and 
entropic factors and determining the degree to which the unlike segments segregate. 
r
blocks. 
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For very small χN (χN ≤ 10), the entropy dominates the enthalpic penalty of mixing 
and the system is in disordered state. The increase of χN leads to the fluctuation resulting 
from the tendency to minimize the amount of unfavorable interactions between dissimilar 
o order” (ODT) transition occurs and the 
idual ch
unperturbed Gaussian statistics and the ordered composition profile is approximately 
sinusoidal (Fig
blocks. At sufficiently large χN the “disorder t
weak segregation limit (WSL) is reached. In this regime the indiv ains assume 
ure 2-5). 
 
 
 
Figure 2-5. Sinusoidal composition profile for phase separated diblock copolymers in the WSL 
[53]. 
 
The domain size scales to: 
2
1
NRD g ∝∝     2-5 
 
 
D: doma
Rg
N: degree of
 
it) was 
mic state 
o incompatible blocks is determined only by two variables χN and f, Leibler 
mployed a Landau approach to determine the location of ODT and the nature of ordered 
in size [nm] 
: radius of gyration of the block copolymer [nm] 
 polymerization of the total block copolymer. 
The phase behavior near the disorder-order phase transition (weak segregation lim
first described by Leibler [54]. Assuming that the equilibrium thermodyna
between tw
e
phases. 
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Based on his calculation Leibler constructed a phase diagram by plotting the χN parameter 
versus volume fraction (Figure 2-6). 
For symmet e second-order phase 
transition from  = 10.495. The phase 
transition fo der from disordered 
 Leibler’s mean field 
the mean fi
corrected for com lfand [55]. They 
changed the m transition for a symmetric 
diblock copolyme itical point to (χN)c = 
10.495 + (41.022/ N  the finite lengths of 
the copolymer chain  ODT, i.e. the ODT will be 
ifted to larger χN. The magnitude of composition fluctuations is controlled by the 
inzburg parameter , which is proportional to the copolymer molecular weight. For 
 
Figure 2-6. Phase diagram for diblock copolymers in WSL calculated by Leibler [54]. 
 
ric block copolymers (f = 0.5) Leibler predicted th
 disordered to lamellar phase at the critical point (χN)c
r the asymmetric compositions was assumed to be a first-or
phase to the bcc spherical phase. In addition to the phase diagram
theory provided an expansion for the structure factor S(q). Due to the discrepancy between 
eld predictions and experimental findings Leibler’s approach was further 
position fluctuation effects by Fredrickson and He
ean-field prediction of a second-order phase 
rs to first-order transition and modified the cr
1/3) [56]. The composition fluctuations arise from
s and significantly affect the position of
sh
−
G N
infinite 
−
N  the fluctuation effects are negligible and the mean field is recovered. As the 
−
N  
decreases these effects become more pronounced [57]. 
The composition fluctuations play also a central role in the formations of the complex 
phases like hexagonally perforated layers, hexagonally modulated lamella, double diamond 
and gyroid (Figure 2-7). 
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(a)    (b)    (c)  
 
 
 
 
 
 
Figure 2-7. Complex morphologies found near ODT between lamellar and cylinder phases:  
hexagona y modulated lamellae, b) hexagonally perforated layers, c) ordered bicontinuous double 
diamond [58]. 
 
a)
ll
g between lamellar and cylinder phase and 
ures, except the gyroid phase. It has been 
provided that the rela
ational asymmetry, which reflects the differences in 
er volumes and backbone flexibility. 
Further increase of χN drives the unlike segments to segregate into nearly 
hemically pure domains, the interfaces between domains become very narrow. This 
egime is termed as strong segregation limit (SSL). Here, the chain conformation is not 
nger Gaussian but almost perturbed (stretched chain conformation) due to the existence 
f two opposing forces. One is the tendency to minimize the enthalpic energy by 
he interaction energy associated with the A-B contacts is localized in the interfacial 
gions [14]. The composition profile resembles a tanh - profile (Figure 2-8) [59] and the 
 
 
These phases have been observed upon heatin
were found to be long-living transient struct
tive stability of the complex phases is governed not only by 
fluctuation effects but also by conform
monom
c
r
lo
o
decreasing the unfavorable contacts and the other is entropic penalty resulting from chain 
stretching. 
T
re
domain size scales to: 
    
     6
1
3
2
χND ∝      2-6 
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Figure 2-8. Characteristic composition profile in the case of strong segregation limit [53]. 
 
The physical principles of the phase behavior of the block copolymers in the strong 
tion limit were established by Helfand and Wasserman on the basis of the self-
consistent field theory (SCFT) [60]. Based on this approach it was possi
position profiles and chain conformations. An extension of the SCFT for
 large χN, (χN→∞), was provided by Semenov [61]. In the SSL the m
 microstructures depends only on the volume fraction, and therm
order-order transitions are not expected. The stability of complex phases like HML, HPL is 
segrega
ble to estimate the 
free energies, com  
the limit of orphology 
of the equilibrium otropic 
revented by the packing frustration. The gyroid phase remains stable at intermediate 
egrees of segregation but it disappears at larger χN (χN~ 60) due to increase of the 
ased on Helfand’s self-consistent field theory, Matsen et al. combined the two limiting 
p
d
relative penalty for packing frustration. 
B
cases of WSL and SSL in one phase diagram (Figure 2-9) [62]. 
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: lamellar microphase 
ase 
icrophase 
igure 2-9. Phase diagram for diblock copolymers spanning the WSL, SSL as well as the 
 
.1.4 Experimental phase diagrams 
he use of scattering techniques for instance SAXS, SANS and other experimental 
 
ll
hex: hexagonal microph
BCC: body-centered cubic m
CPS: centered packed spheres 
DIS: disordered phase 
 
F
intermediate regime, calculated using SCFT [62]. 
 
2
 
T
methods like TEM, rheology for investigation of phase behavior of block copolymers has 
allowed to estimate experimental phase diagrams. For diblock copolymers reported are 
phase diagrams of the following systems: PS-PVP [11], PI-PS [63], PEO-PI [64], PE-PEE 
[65], PS-nBMA [66]. The most notable features of all experimental phase diagrams is their 
asymmetry around f = 0.5 (Figure 2-10). 
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Figure 2-10. Experime EO-PI 
polymers [64]. 
 the conformational asymmetry between the two blocks. 
he conformational asymmetry has not only a strong effect on the stability of complex 
 the magnitude of composition fluctuations. In 
of block copolymers with low value [21]. 
m
 t been predicted theoretically. Therefore, the 
 
 
(a)      (b) 
ntal phase diagrams for: a) PS-PI diblock copolymers [63] and b) P
diblock co
 
 
his feature has been related toT
T
phases but also significantly affects the order-order transition for instance it shifts the OOT 
towards compositions richer in the segment possessing the longer statistical length. The 
influence of the compositional asymmetry on the position of phase boundaries was already 
indicated in the SCFT of Matsen [67]. In addition to the theory, the experimental data 
revealed that there is a clear correlation between phase asymmetry and conformational 
asymmetry parameters, i.e. the higher the value of this parameter the more asymmetric 
becomes the phase diagram (Figure 2-10).  
Moreover, it was observed that the occurrence and stability of complex phases and 
especially gyroid phase depends strongly on
particular, the gyroid phase is completely absent in the PE-PEP phase diagram possessing 
the highest
−
N value while it is stabilized for a range of compositions and χN values in case 
−
The experi ental investigations clearly demonstrated that the phase behavior of block 
copolymers is more complex han it has 
N
estimation of the experimental phase diagram for each studied system is of great 
importance because it allows the precise understanding of this phenomenon. 
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2.1.5 Phase behavior of block copolymers in thin films 
 
The phase behavior of block copolymers in thin films can significantly differ from that in 
ctions of the blocks with 
e film surfaces, the upper and lower surface, (wetting effect) and the relationship 
y of the system. In case where one block wets 
igu e 2-11. Schematic illustration of possible configurations of lamellar morphology in block 
po . 
arallel walls. However, the frustration cannot be eliminated and depending on the 
the bulk because it is affected by two additional factors: the intera
th
between the film thickness and the periodic distance of the bulk microphase-separated 
structure (commensurability effect) [68]. 
Generally, the differences in interfacial energy between the surface and one of both blocks 
of the block copolymer induce a parallel orientation of the microdomain to the plane of the 
film, in order to minimize the free energ
both, air and substrate, a symmetric film structure is produced. Asymmetric wetting occurs 
when one block preferentially wets the interface with the substrate and air. For unconfined 
films having lamellar morphology the film thickness relates to values nL0 and (n + 1/2L0 ), 
where n is an integer and L0 is the bulk equilibrium lamellar period, for symmetric and 
asymmetric wetting cases, respectively. If the initial film thickness is not equal to these 
quantized values, then an incomplete top layer composed of “islands” and “holes” is 
formed to satisfy this constrain (Figure 2-11). 
 
 
 
t t
L0
t = L0    t = (n + ½)L0    t ≠ L0 
 
 (A)     (B)    (C) 
t  
 
 
 
 
 
 
F r
co
 
lymer films: A) symmetric wetting, B) asymmetric wetting, C) formation of terraces
 
The formation of terraces is suppressed in the case of films confined between two hard 
p
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interaction between the walls and blocks, it is relieved either by change of the natural 
urfaces can be used as 
 the perturbation of the bulk 
igure 2-12. Schematic cross section of thin film morphologies: (A) parallel orientation for film 
 period, (B) perpendicular orientation for film thickness less 
an the bulk period [71]. 
r 
alance all interfacial interactions by using nonpreferential or neutral substrates. This can 
e obtained by grafting of random copolymer brushes consisting of the same monomer 
copolymer period or by vertical arrangement of the domains [69]. 
The control over the orientation of block copolymer microdomains has recently gained a 
lot of attention. In particular, the possibility to align the domains normal to the surface is of 
great interest for practical applications. Well-defined patterned s
templates for growing biological cells or in fabrication of optoelectronic devices [70]. 
Several approaches have been used to achieve this alignment. 
The surface-perpendicular morphology can be formed in some block copolymers when the 
film thickness is less than the bulk period t < L0. In this case, the formation of surface-
parallel domain is prevented by the entropic penalty related to
period. The perpendicular orientation overcomes this constrain by allowing L0 to be 
expressed laterally (Figure 2-12). 
 
 
 
 
 
 
 
 
 
F
thickness greater than the equilibrium
th
 
 
An alternative method to achieve the vertical orientation of the morphology is to remove o
b
b
units as the corresponding diblock copolymers to the substrate surface [72, 73]. The 
perpendicular alignment of the microdomains is favored over the parallel arrangement 
because of configurationally restrictions that force the diblock copolymer molecules to 
orientate parallel to nonpreferential interfaces [74, 75]. Moreover, the lateral ordering and 
orientation of the microdomain can be controlled by using strong external electric fields 
[76-78]. The electric fields enhance fluctuations along the interface between the blocks due 
to differences in their dielectric constants and align the microdomains in the direction of 
t 
L0 
L0 
t 
t > L0       t < L0 
 
(A)  (B)
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the applied field to lower the free energy. Using an electric field, an orientation of 
microdomains normal to the film surface was achieved even for films tens of micrometers 
thick. The re-alignment of the morphology can be tuned by the solvent evaporation rate or 
by controlled swelling of block copolymer films in solvent vapor. The rate of solvent 
evaporation and annealing time strongly affects the ordering of copolymer morphologies 
leading to the formation of highly ordered microdomains [79-88]. Recently, it was 
demonstrated that the use of chemically and/or topographically patterned substrates offers 
another means of manipulating block copolymer film morphology. On the patterned 
substrates the orientation of the domain is determined by relationship between the substrate 
pattern periodicity and the bulk period of block copolymer. In particular, the perpendicular 
arrangement of the domain is formed when the copolymer and pattern period is matched 
[89-94]. 
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2.2 Wettability of surfaces 
t feature of all surfaces, since it can predict their utility for 
many practical application for instance in medicine, biotechnology, and microelectronics. 
action between the different components and various 
uids as well as their surface energies is necessary for the use of thin films of micro and 
lv sl
 
Wettability is a very importan
Especially, the knowledge of the inter
fl
nano-separated block copolymers as templates to fabricate nanowires, magnetic storage 
media or silicon capacitors. A moderately wettable surface presents a quite good support 
for cell adhesion, whereas superhydrophilic or superhydrophobic surfaces do not promote 
bioadhesion [10], [95]. Among the variety of polymer systems the methacrylates due to 
their long-term biocompability and functionality become increasingly used as biomaterials 
for numerous medical applications such as drug releasing systems or contact lenses [10], 
[96, 97]. 
The wettability is characterized in terms of the angle that the wetting liquid makes on the 
solid [98]. The contact angle is determined from balance of interfacial tensions at the solid-
vapor (γsv), liquid-vapor (γ ) and solid-liquid (γ ) interfaces, and is defined from the 
Young equation: 
 
    slsvYlv γγθγ −=cos      2-7 
 
The three-phase wetting system is schematically shown in Figure (2-13). 
 
igure 2-13. Schemati
 
 
solid
liquidθY 
γlv
γsv 
 
vapor
 
 
 
 γsl
 
 
 
 
F c of three-phase wetting system. 
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The Young’s equation is valid for the case of an ideal solid surface, which is defined as 
mooth, rigid and chemically homogenous, insoluble and nonreactive. The contact angle 
iure 2-14. The apparent contact angle on a rough surface. 
eferred to as the advancing contact 
ngle, θa, while the minimum is the receding contact angle, θr. The difference between the 
8 
 
The contact angle hysteresis is typic ntly h . The 
possible causes of hysteresis are: surface roughness, surface heterogenity, solution 
s
on such ideal surface is referred to as the “equilibrium contact angle” which is equal to the 
Young contact angle θY. The Young contact angle depends only on the physico-chemical 
nature of the three phases and is independent of gravity. It represents the state of a solid-
liquid-vapor system that has a minimal Gibbs energy [99]. Unfortunately, real solid 
surfaces are usually rough and chemical heterogeneous to some extent. On such surfaces 
the only measurable value is the apparent contact angle (θap) that is defined as the angle 
between the tangent to the liquid-vapor interface and the line that represents the nominal 
solid surface (Figure 2-14) [100, 101]. 
 
 
ΘAP
 
 
 
 
F
 
The maximum value of the apparent contact angle is r
a
advancing and receding contact angles is called contact angle hysteresis (Eq.2-8). 
 
H = θa – θr     2-
ally 5 - 20°, but can also be significa igher
impurities adsorbing on the surface, and swelling. In the case of polymer surfaces, the 
contact angle hysteresis is related mainly to the liquid retention by the solid upon retraction 
of the three-phase line, liquid penetration, and also to reorientation of functional surface 
groups [102-105]. Hennig et al. have found that the advancing and receding contact angles 
of water measured on smooth polyimide surfaces changed depending on the contact time 
with water. They assumed that this phenomenon was caused by the water-induced surface 
swelling and the retention of water molecules on the surface [106]. 
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Because of various complexities the experimentally observed apparent contact angle may 
or may not be equal to the Young contact angle in the Young’s equation [107-109]. The 
equality between both contact angles only exists on ideal solid surfaces, which means there 
is no contact angle hysteresis. On smooth, but chemically heterogenous solid surfaces the 
θap is not necessarily equal to the θY. Therefore, care must be exercised to ensure that the 
experimental apparent contact angle, θap, is the advancing contact angle in order to be 
inserted into the Young equation. Nevertheless, the experimental advancing contact can be 
expected to be a good approximation of θY. While the receding angle can also be a Young 
angle, it is often found to be non-reproducible because of sorption of the liquid onto the 
solid and swelling of the solid by the liquid [110]. On rough and chemically heterogeneous 
surfaces the thermodynamic equilibrium angles are related to the Wenzel [111] and Cassie 
[112] angles, respectively. However, they are not equal to θY and they are not 
experimentally accessible quantities [108]. 
Numerous approximations have been developed to determine the surface tension of a solid 
from contact angle measurements. Frequently used are: surface tension component 
aproaches and/or equation of state approach for solid-liquid interfacial tensions. The 
former one was pioneered by Fowkes, who assumed that the surface tension can be 
expressed as a sum of different surface tension components, each of which originates from 
a specific type of intermolecular forces. Moreover, he postulated that in a van der Waals 
system only dispersion forces could effectively operate across the interface [113, 114]. 
The equation of state approach is based on the assumption that the solid-liquid interfacial 
tension is only a function of the total solid and liquid surface tension Eq 2-9 [114, 115]. 
 
( 22 svlvelvsvlvsvsl γγβγγγγγ −−−+= )     2-9 
 
where β is a constant which was experimentally found to be 0.0001247 (mJ/m2)-2. 
By combinig Eq.2-9 with Young’s equation (Eq.2-7) we obtained: 
 
( 221cos svlve
lv
sv γγβ
γ
γθ −−+−= )     2-10 
Using this approach, the solid surface tension can be determined from experimental contact 
angles and liquid surface tension. 
In this work, the surface tensions of the investigated PPMA-b-PMMA and PPrMA-b-
PMMA diblock copolymers were calculated by using the equation of state approach. 
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3 CHARACTERIZATION METHODS USED IN THIS WORK 
 
3.1 Size exclusion chromatography (SEC) 
 
 
Size exclusion chromatography (SEC), also known as gel permeation chromatography 
(GPC) is one of the widely used technique for the determination of polymer molecular 
masses and molecular mass distributions. It is a form of liquid chromatography, in which a 
dilute solution of a polymer is introduced into a packed porous column and passes through 
the column with the eluent stream. Columns utilized in SEC are packed with material 
having a controlled pore size, i.e., the size of the pores is comparable to the size of the 
macromolecules being analyzed. Separation of polymer molecules in the column is based 
on their hydrodynamic volume. The smaller polymer molecules are able to penetrate into 
most of the pores of packing material, thus their average migration is slow. The larger 
molecules are excluded from most of the pores and, therefore, they reach the end of the 
column faster than the smaller one. The concentration of eluted molecules is monitored by 
a suitable detector and, as a function of time or elution volume (Ve), gives a so-called 
elution curve. Commonly, refractive index (RI) and/or ultraviolet-visible (UV-VIS) 
detectors are utilized. The elution volume, Ve, can be expressed as: 
 
Ve = Vo + kGPC Vi 3-1 
  
where kGPC is the distribution coefficient, that describes the ratio of mean concentration of 
molecules inside and outside zhe pores (0 ≤ kGPC ≤ 1), V0 is the void volume, i.e., elution 
volume corresponding the exclusion limit, and Vi represents the total volume of pores 
(inner volume). 
SEC is a relative method, it does not give absolute values of molar mass, therefore molar 
masses of analysed polymers can be determined only after calibrating the system in terms 
of Ve. Calibration is performed using polymer standards with known molar masses and 
narrow molar mass distributions. Plot of the molar mass of the standards versus their 
elution volume gives the calibration curve (logM = f(Ve)). The calibration curve allows 
determining the molar mass corresponding to each chromatographic fraction. The number-
average (Mn) and weight-average (Mw) molar masses as well as polydispersity index (PDI 
=Mw/Mn) can be calculated acc. to Eq.3-2 and Eq.3-3, respectively [116]. 
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where ci – measured fractions. 
 
3.2 Nuclear Magnetic Resonance Spectroscopy (NMR) 
 
 
NMR is a technique for determining the structure of organic compounds. When a molecule 
containing certain atoms including 1H, 13C, 19F, is placed in a strong magnetic field and 
irradiated with radio frequency waves, transition between different nuclear spin 
orientational states take place and energy is absorbed at specific frequencies governed by 
their chemical environment. This environment is influenced by chemical bonds, molecular 
conformations, and dynamic processes. By measuring the frequencies at which the 
absorptions occur and their strength it is possible to obtain information about the structure 
of the molecule being analysed. Commonly, high resolution NMR with dilute solutions is 
used to characterize the tacticity and copolymer sequence distribution. NMR provides also 
a means for identifying intermediate structures formed during polymerization reactions. 
Moreover, it is absolute method for determining number average molecular masses (Mn ≤ 
50,000g/mol) on the basis of the end group analysis [117]. 
 
3.3 Differential scanning calorimetry (DSC) 
 
 
Differential scanning calorimetry is used to determine the thermal properties of the 
material under examination by enthalpy or heat capacity changes. This technique is based 
on the measurement of the energy, which must be supplied to the sample to maintain it at 
the same temperature as the reference material, when the two specimens are subjected to 
identical temperature regimes in an environment heated or cooled at a controlled rate.  
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The amount of heat it takes to get a certain temperature increase in a material is called heat 
capacity (Cp). Heat capacity is obtained by dividing the heat supplied by the temperature 
increase (Eq. 3-4) 
 
T
q
T
q
t
q
C p Δ=⎟⎠
⎞⎜⎝
⎛ Δ
⎟⎠
⎞⎜⎝
⎛
=      3-4 
where,  
( timeheattq = ) - heat flow, 
⎟⎠
⎞⎜⎝
⎛=Δ timeetemperaturt
T - heating rate 
 
DSC is mostly used to obtain the glass transition temperature(Tg) and melting temperature 
(Tm) of polymers. The Tg values can be estimate directly from the ΔT vs. T or Cp,s vs. T, 
where ΔT is the temperature difference between investigated sample and a reference 
sample, and Cp,s is the specific heat capacity of the sample [118]. 
 
3.4 Small angle X-ray scattering (SAXS) 
 
 
Small angle X-ray scattering is the most widely used method for studying the phase 
separation of block copolymers in bulk. This technique allows to identify the type of 
morphology and to determine the domain spacing in range between 2 and 200 nm. 
Generally, it is performed by focusing a low divergence X-ray beam onto a sample and 
observing a coherent scattering pattern that arise from electron density inhomogenities 
within the sample. Therefore, the segments of the investigated block copolymers need to 
be different in their electron density in order to allow monitoring of the morphology by 
SAXS. 
The principle of the SAXS experiments is schematically shown in Figure 3-1. 
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I0 
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kf 
ki 
q  
 
 
 
 
0I  - intensity of the incident beam 
sI  - intensity of the scattered beam 
→
ik  – wave vector of the incident beam 
→
fk  – wave vector of the scattered beam 
→
q – scattering vector 
D  - detector 
Θ  – Bragg scattering angle 
 
Figure 3-1. Schematic illustration of a scattering experiment. 
 
An incident beam of monochromatic radiation with wavelength λ and intensity  enters 
the material and is partly absorbed or scattered. The scattered wave with intensity  is 
detected at an angle 2 Θ . The scattering vector  is equal to the difference between the 
wave vectors of the incident ( ), and the scattered ( ) plane waves. The magnitude of 
the scattering vector, q, is defined as  
0I
sI
→
q
→
ik
→
fk
λ
π Θ== → sin4qq      3-6 
 
where λ is the wavelength of the X-rays. 
The basis of the small-angle scattering is the Bragg equation (Eq. 3-7), which describes the 
relationship between the used wavelength of the X-ray (λ), distance between adjacent 
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planes (dhkl), Bragg angle ( Θ ) and order of the reflections (n). dhkl denote Miller indices, 
that represent the orientation of an net plane in a crystal lattice. When X-rays diffract due 
to interference among family of the same net planes, than each diffraction plane may be 
referenced by its indice dhkl. 
 
     Θ= sin2 hkldnλ     3-7 
 
Equation 3-6 together with equation 3-7 determines the correlation between the scattering 
vector and dhkl spacing (Bragg spacing), Eq.3-8. 
 
q
ndhkl
π2=      3-8 
 
The morphology is estimated from the relative ratios of the observed peak positions with 
the position of the first existing peak. Table 3-1 summarizes the ratios of Bragg spacing for 
the commonly observed equlibrium structures. 
 
Table 3-1. Ratios of the peak positions of Bragg spacing for various morphologies [119]. 
 
Morphology 
Scattering Maxima 
                    1                2                 3                  4                 5                 6 
Spheres 
(BCC) 
dhkl/d110          1           0.707         0.577          0.5              0.447        0.408 
qhkl/q110          1             √2              √3             √4                 √5             √6 
   hkl          110          200           211            220              310            222 
Hexagonally 
packed 
cylinders 
dhkl/d100          1            0.577         0.5           0.378            0.333        0.289 
qhkl/q100          1              √3             √4             √7                 √9           √12     
   hkl          100          110            200          210               300           320 
Lamellae 
dhkl/d100          1            0.5            0.333         0.25             0.20          0.167 
qhkl/q100          1              2                3                4                 5                6 
   hkl          100         200            300           400              500            600 
 
Strongly segregated block copolymers show multiple higher order peaks whereas, weakly 
segregated ones may only exibit the lower order peaks or, sometimes, only one peak. In the 
latter case, a determination of the type of (symmetry) morphology is not possible. 
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SAXS measurements can also be used to locate the temperature of the order-disorder 
transition (ODT). The ODT can be found via discontinuities in peak intensity and/or width 
[120]. 
 
3.5 Grazing incidence small angle X-ray scattering (GISAXS) 
 
 
GISAXS is a versatile tool for studying the structure and morphology of thin polymeric 
films because it provides information about lateral and internal ordering at the surface or 
inside a thin film. Moreover, this method is very useful to in situ and real-time studies of 
structural changes inside thin block copolymer films [121, 122]. It is non-destructive, 
yields excellent sampling statistics (averages over macroscopic regions to provide 
information on nanometer scale) and gives information on particle geometry, size 
distributions and spatial correlations. GISAXS is also used for the investigation of 
semiconductor nanostructures, for instance quantum dots [123] or nanocomposite thin 
films. 
This technique involves a combination of GID (Grazing Incidence Diffraction), which uses 
reflection geometry to obtain surface and near surface sensitive X-ray scattering, and 
SAXS, which measures structures at 1-100 nm length scale in normal transmission mode. 
Figure 3-2 shows the basic scattering geometry for GISAXS. 
The incoming X-ray beam impinges the surface at a grazing angle (α) onto the sample. The 
grazing angle is chosen close to the critical angle for total external reflection of the 
polymer films, (αc), so that the film is fully penetrated by the X-rays. The scattered signal 
is collected under grazing exit angles (β) in the forward direction by use of a position 
sensitive two-dimensional detector placed parallel to the sample surface. The penetration 
depth of the X-rays is controlled by α and β and is kept constant during a scattering 
experiment [123]. Since the incident angle signal is very small, the GISAXS signal mainly 
depends on the in-plane vector component q║ that is related to the lateral ordering in the 
sample and the out-of-plane vector component qz that is related to the ordering in the depth 
direction [78]. 
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Figure 3-2. GISAXS scattering geometry: incident angle α, in-plane scattering angle Ψ, and exit 
In case of lamellar morphology the parallel alignment appers as stripes of intensity at 
 
 
 
 
angle β taken from Smiligies [121]. 
 
 
regular spacing along qz direction (Figure 3-3a). In Langmuir-Blodgett films, such stripes 
in the diffuse reflectivity are referred to as Bragg sheets. The signature of perpendicular 
lamellae are correlation peaks parallel to the interface, with a rod-like shape normal to the 
surface (Bragg rods), similar to the scattering rods in grazing incidence diffraction (Figure 
3-3b) [121]. 
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a)       b) 
 
 
Figure 3-3. Schematical representation of GISAXS images for the parallel (a) and perpendicular 
(b) alignment of the lamellae in the thin film [121]. 
 
 
3.6 Atomic force microscopy (AFM) 
 
 
Atomic force microscopy, also known as scanning force microscopy (SFM) is one of the 
best suited method for characterization of polymer surfaces on the molecular scale. This 
technique provides information about topography of the surface as well as about its 
nanomechanical properties, including local adhesive or elastic properties. Therefore, it 
gives the possibility to distinguish between different phases existing on the surface. AFM 
is usually used to investigate thin polymer films spin-cast from solution. However, it is 
also a very appropriate method to study the bulk morphology of block copolymers, 
especially when the material contrast between different components cannot be achieved by 
selective staining methods [124, 125]. A key element of the AFM is its microscopic force 
sensor: a very tiny tip (5-50 nm) that is attached to a small, flexible cantilever beam. To 
produce an image, the tip is brought into continuous (Contact Mode) or intermittent 
(Tapping Mode) contact with the sample and it scanns over the surface. The movement of 
the sample is performed by means of a precise piezo-electric crystal, which is capable of 
subangstrom resolution in three dimensions. The sample is scanned by moving it in raster 
mode, and the force between the tip and the sample is measured. Since this force is very 
small it is not measured directly, instead, the up and down movement of the tip is detected. 
A laser beam is reflected from the mirrored surface on the backside of the cantilever onto a 
position-sensitive photodiode. A small deflection of the cantilever tilts the reflected beam 
and changes its position on the photodiode (Figure 3-4). 
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Figure 3-4. Principal AFM setup. 
 
According to the interaction between the tip and the surface of the sample, the AFM can be 
operated in following modes: contact and tapping mode. 
In the contact mode, the tip scans over the surface of a sample while maintaining a contact 
with the surface. The “topographic” information about the surface is then deduced by 
measuring the cantilever deflection during scanning. However, the tip can exert 
considerable forces to the sample surface, thereby causing sample deformation [126]. In 
the tapping mode the cantilever oscillates vertically close to its resonant frequency (100-
400 kHz), so that the tip makes only briefly contact with the sample surface in each cycle 
of oscillation. As the oscillating cantilever is brought to intermittent contact with the 
surface, its amplitude of oscillation is reduced due to energy loss caused by the tip 
contacting the surface. The oscillation amplitude of the tip is measured. A digital feedback 
loop then adjusts the distance between tip and sample in order to maintain constant 
oscillation amplitude. The reduction in oscillation amplitude is used to identify and 
measure surface features. During scanning with the tapping mode the changes in the 
sample’s vertical position are presented as a height image, whereas changes in the phase 
angle of tip oscillation are presented as a phase image. Depending on the amplitude set-
point ratio (rsp), i.e. ratio between the amplitude of the free oscillation (A0) and the set-
point amplitude (Asp) the measurements can be carried out at light, moderate and hard 
photodiode
laser
mirror 
Piezo scanner
tip 
sample
cantilever
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tapping. At light tapping (rsp= 0.8 - 0.9) the tip-sample contact is minimal so that the probe 
response is not dominated by the tip-sample repulsive force but is strongly influenced by 
surface forces such as capillary forces and adhesion. At moderate tapping (rsp= 0.4 - 0.7) 
the phase shifts are substantially larger on the harder than on the softer part of the surface 
and, therefore the phase image will be reflected the local stiffness variations. At the hard 
tapping (rsp < 0.3) the stiffness is dominated by the tip-sample contact area [127]. 
The tapping mode AFM is widely used to examine soft samples, i.e. polymers or biological 
specimens because it overcomes the problems of adhesion and surface damage of the 
materials. 
In this study, the sample’s surfaces were investigated in the tapping mode AFM at 
moderate tapping. 
 
3.7 X-ray photoelectron spectroscopy (XPS) 
 
 
X-ray photoelectron spectroscopy, also known as electron spectroscopy for chemical 
analysis (ESCA) is used to study the chemical composition of polymer surfaces. This 
technique is based on the photoelectrical effect, which provides information on elemental 
and functional group composition and oxidation state. In a XPS experiment, the surface is 
irradiated with X-rays. The energy of the incident X-ray photons is high enough to eject 
electrons from electron shells. These ejected electrons are referred as photoelectrons. From 
the difference between the known X-ray photons energy and their measured kinetic energy, 
the binding energy can be calculated. Elements can be recognised by their binding energy, 
which slightly depends on oxidation state and chemical environment [128]. 
 
3.8 Axisymmetric Drop Shape Analysis (ADSA) 
 
 
The axisymmetric drop shape analysis-profile (ADSA-P) is used to measure advancing and 
receding contact angles. This technique allows to determine the liquid-vapor interfacial 
tension and contact angles from the shape of axisymmetric menisci, i.e. from sessile as 
well as pendant drop, by fitting the shape of an experimental drop to the theoretical drop 
profile according to the Laplace equation of capillarity [108]  
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using the surface (interfacial tension), γ, as one of the adjustable parameters; ΔP is the 
pressure difference across the liquid and vapor phases, R1 and R2 are two principal radii of 
curvature of the drop. The best fit identifies the correct interfacial tension and in the case 
of a sessile drop, the contact angle [129]. In addition, the drop volume, and radius of the 
three-phase contact line (sessile drops) are provided as output. 
Low-rate dynamic contact angle experiments were carried out by supplying liquid to the 
sessile drop from bellow the solids surface through a hole of about 1 mm diameter in the 
substrate using a motorized syringe device. A scheme of the experimental ADSA set-up for 
a sessile drop is shown in Figure 3-5. At first, the motorized syringe mechanism was set to 
a specific speed and the syringe plunger was pushed, leading to an increase in the drop 
volume and, hence, the three-phase contact radius. Then, liquid was withdrawn so that the 
drop volume was decreased. A sequence of pictures of the growing and shrinking drop was 
recorded by the video camera [102]. 
 
 
 
 
Figure 3-5. Setup of ADSA technique. 
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4 RESULTS AND DISCUSSION 
4.1 Poly(pentyl methacrylate-b-methyl methacrylate) diblock 
copolymers 
4.1.1 Synthesis of PPMA-b-PMMA diblock copolymers 
 
PPMA-b-PMMA diblock copolymers were prepared via sequential living anionic 
polymerization because this method allows to produce monodisperse polymers in a wide 
range of molar masses. A narrow molar mass distribution is one of the most important 
properties of diblock copolymers because it ensures that their microphase separation is 
governed only by interaction between the unimodal components. Different molar masses 
are required for a complete investigation of the phase behavior of block copolymers. In 
order to achieve the above requirements anionic polymerization has to be performed under 
stringent reaction conditions (Chapters 2.1.1.1 and 2.1.1.2). Therefore, PPMA-b-PMMA 
diblock copolymers investigated in this work were synthesized at –78 °C, under inert 
atmosphere by using high-purity reagents. Moreover, the polymerization was carried out in 
the presence of LiCl, which is known to have a profound influence on the decrease of the 
polydispersity of block copolymers (Chapter 2.1.1.2). Because of the high reactivity of the 
used initiator (sec-buthyllithium) towards electrophilic compounds and oxygen, 
diphenylethylene was added as shielding reagent, thus suppressing the high nucleophilicity 
of the initiator due to steric constraints. Prior to the synthesis of PPMA-b-PMMA diblock 
copolymers, two series of poly(pentyl methacrylate) and poly(methyl methacrylate) 
homopolymers with stepwise varied molar masses were prepared in order to optimize 
polymerization conditions and to obtain samples with varied molar mass for comparison of 
the Tg’s (Table 4.1). It should be noted here that both, the optimization of the 
polymerization conditions and the synthesis of PPMA-b-PMMA diblock copolymers are 
very complex. Due to its sensitivity the living anionic polymerization of methacrylates 
need to kept under rigorous reaction conditions, and hence, the indispensable and proper 
purification of all reagents was time demanding. The molar masses and molar mass 
distributions were analysed by SEC in CHCl3 by using a refractive index detector. PMMA 
standards were used for calibration. 
 
 
 
 
RESULTS AND DISCUSSION 44
Table 4-1. Molar masses and glass transition temperatures of synthesized homopolymers. 
 
 
Sample 
Mn 
(g/mol) 
Mw
(g/mol) 
Mw/Mn
Tg1)
 (°C) 
PMMA 12,600 13,300 1.06 114 
PMMA 27,800 31,200 1.12 127 
PMMA 195,300 249,800 1.28 132 
PPMA 23,400 25,800 1.10 8 
PPMA 63,000 67,000 1.06 12 
PPMA 93,900 110,100 1.17 12 
 
 
 
 
 
 
1) Tg from DSC measurements; heating rate 20 K/min 
 
The stereochemistry of the homopolymers was determined on the basis of 13C NMR 
spectra (Figure 4-1). The 13C NMR analysis showed that the PPMA as well as PMMA 
have a high percentage of syndiotactic content (Table 4-2). 
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Figure 4-1. 13C NMR of PMMA and PPMA homopolymers in CDCl3. 
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Table 4-2. Tacticity of the synthesized homopolymers obtained in THF at –78 °C. 
 
Sample mm (%) mr (%) rr (%) 
PMMA 1 19 80 
PPMA 1 19 80 
 
 
 
Highly syndiotactic products (rr ~ 85 %) are commonly obtained during polymerization of 
methacrylates in polar media such as THF and with Li as counterion [130, 131]. It was 
assumed, that polar solvents will separate the ion pair and thus, the predominant active 
species are externally solvated contact ion pairs. Furthermore, in the presence of Li+, there 
is no coordination of the incoming monomer carbonyl group with the counterion and 
hence, the tacticity is mainly governed by steric requirements [20, 29]. Therefore, in polar 
solvents the syndiotactic placement is more favorable than the isotactic one. 
The PPMA-b-PMMA diblock copolymers in wide range of molar masses and with varied 
block length ratios were synthesized according to Scheme 4-1. 
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Scheme 4-1. Synthesis of PPMA-b-PMMA diblock copolymers. 
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Poly(pentyl methacrylate) was always synthesized as the first block. This sequence as well 
 
ymer. 
he block copolymers characteristics are summarized in Table 4-3 and Table 4-4. 
the polymerization time (30 min) were chosen according to the instructions described by 
Budde et al. [15] and by considering the results obtained for the homopolymers. The 
experimental details are presented in section 6.2. Exemplary SEC traces of PPMA-b-
PMMA diblock copolymer and its corresponding PPMA homopolymer are shown in 
Figure 4-2. Sample labelling denotes the molar masses of the poly(pentyl methacrylate) 
(left) and poly(methyl methacrylate) (right) block, respectively. 
Figure 4-2. SEC traces of sample 102.4PM24.3 and its corresponding PPMA homopol
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Table 4-3. Molecular characteristics of the synthesized PPMA-b-PMMA diblock copolymers with 
Sample 
PPMA/PMMA Mn
(g l) 
Mw
(g l) 
Mw/Mn
low molar masses. 
 
(mol/mol) /mo /mo
18.1PM41.1 1.11 22/78 53,300 59,200 
5.5PM11.3 24/76 14,000 16,800 1.20 
5.4PM9.8 26/74 12,800 15,200 1.18 
2  2.2PM22.3 39/61 40,600 44,500 1.09 
16.6PM14.1 43/57 25,400 30,700 1.21 
12.0PM7.1 52/48 16,300 19,100 1.17 
27.3PM4.4 80/20 28,800 31,700 1.10 
 
able 4-4. Molecular characteristics of the synthesized PPMA-b-PMMA diblock copolymers with 
Sample 
PPMA/PMMA Mn
(g l) 
Mw
(g l) 
Mw/Mn
 
T
high molar masses. 
 
 
(mol/mol) /mo /mo
10.9PM132.7 1.09 5/95 131,300 143,600 
9.6PM82.2 7/93 83,200 91,800 1.10 
32.4PM83.2 20/80 107,000 115,600 1.08 
39.7PM43.3 37/63 77,300 83,000 1.07 
60.2PM65.7 37/63 113,900 125,900 1.10 
78.4PM28.3 64/36 97,900 106,700 1.09 
85.9PM29.7 65/35 102,500 115,600 1.13 
102.4PM24.3 73/27 114,500 126,700 1.11 
75.5PM13.6 78/22 83,000 89,100 1.07 
146.3PM26.4 78/22 152,300 172,700 1.13 
 
 
Generally, the block copolymers showed very narrow molar mass distributions Mw/Mn 
~1.1 independent of the molar mass, except the samples 5.5PM11.3 and 16.6PM14.1 
having polydispersities of about 1.2. The composition of the diblock copolymers PPMA-b-
PMMA was estimated using the 1H NMR spectra by comparing the relative intensity of 
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methyl protons of PMMA at δ = 3.54 ppm with the methylene protons of PPMA at δ = 
3.99 ppm (Figure 4-3). The formation of by-products could not be observed [132, 133]. 
 
Figure 4-3. H NMR spectrum of 102.4PM24.3 in CDCl3. 
hain tacticity was analyzed by 13C NMR (Figure 4-4). As expected, the block copolymers 
 
igure 4-4. 13C NMR spectrum of 102.4PM24.3 in CDCl3. 
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4.1.2 Phase behavior of PPMA-b-PMMA diblock copolymers in bulk 
 
4.1.2.1 Thermal analysis 
Glass transition temperatures of PPMA-b-PMMA diblock copolymers were investigated 
by means of DSC (differential scanning calorimetry) measurements. Determination of Tg’s 
of block copolymers is commonly used as preliminary approach to study their microphase 
separation. Existence of two separate Tg’s suggests that the block copolymer is phase 
separated, while a single Tg would imply a homogenous system [134-136]. The DSC 
measurements were conducted with heating rate of 20 K/min because the methacrylates 
exhibit a comparative broad glass transition and low value of the heat capacity (ΔCp). The 
Tg’s were evaluated by using the ΔCp half step method from the second heating curves. At 
first, the glass transition temperatures of PPMA and PMMA homopolymers were 
investigated (Table 4-1). In both cases, as expected, the glass transition temperatures 
increased with increasing molar masses. PMMA exhibits high value of Tg due to the high 
contents of syndiotactic triads. Instead, PPMA has significantly lower Tg. The large 
difference between both Tg’s is associated with the discrepancy in the chain flexibility. It is 
already known, that the flexible chains can easier rotate about the constituent chain bonds 
and hence they have lower Tg than the rigid ones. In our case the long pentyl group of 
PPMA increases its flexibility leading to decrease of the Tg. 
 
• PPMA-b-PMMA diblock copolymers with low molar masses 
 
Figure 4-5 shows DSC traces of some low molar masses PPMA-b-PMMA diblock copolymers.  
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Figure 4-5. DSC curves of low molar masses PPMA-b-PMMA diblock copolymers. 
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In Table 4-5 the obtained glass transition temperatures are summarized. 
 
Table 4-5. Thermal characterization of investigated diblock copolymers with low molar masses. 
 
 Weight fraction 
of PPMA 
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)
Fraction of PPMA in the block copolymers (wt%)
 
 
 Sample 
fPPMA
Tg
(°C) 
18.1PM41.1 0.30 19 / 122 
5.5PM11.3 0.33 113 
5.4PM9.8 0.35 103 
22.2PM22.3 0.50 20 / 113 
16.6PM14.1 0.54 12 / 121 
12.0PM7.1 0.63 14 / 111 
27.3PM4.4 0.86 24 / 126 
 
 
 
 
 
 
 
 
Two separated Tg’s were detected for almost all block copolymers in the composition range 
from 0.30 up to 0.86 weight fraction of PPMA, indicating a phase separation between the 
two blocks. The glass transition temperatures are comparable with that of the 
corresponding homopolymers, only a slight increase of the Tg of PPMA phase is observed 
for the samples with Mn > 28,800 (Figure 4-6). Thus, the block copolymers should consist 
of nearly pure PPMA and PMMA phases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-6. Glass transition temperatures of the PPMA-b-PMMA diblock copolymers with low 
molar masses with respect to the composition. Open symbols (○), (□) represent the Tg of PMMA-
phase and PPMA-phase in the block copolymers, respectively. The triangles present the block 
copolymers with single Tg. The closed symbols denote the Tg of the homopolymers: (●)-PMMA, 
(■)-PPMA. 
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Only one Tg was found for the samples with the lowest molar masses i.e. sample 
5.5PM11.3 and 5.4PM9.8. The Tg’s of the both samples clearly indicate the existence of 
possibly one mixed phase. Here, it is essential to point out that the product of χN is equal 
to 8.6 and 9.6 for 5.4PM9.8 and 5.5PM11.3, respectively. χN dictates the degree of 
segregation of A and B blocks, where N is polymerization degree and χ the Flory-Huggins 
interaction parameter. The theory predicts that the ODT from disorder to order phase 
should occur by 10.5 for symmetric block copolymers (Chapter 2.1.3). Since PPMA-b-
PMMA diblock copolymers are characterized by a low value of the interaction parameter, 
χ = 0.065 (Chapter 2.1.3), higher molar masses will be needed in order to achieve the 
microphase separation. Sample 18.1PM41.1 exemplifies this assumption (Figure 4-7). 
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Figure 4-7. DSC-curve of sample 5.4PM9.8 in comparison to that of sample 18.1PM41.1. 
 
• PPMA-b-PMMA diblock copolymers with high molar masses 
 
DSC curves of the high molar masses samples are shown Figure 4-8. Table 4-6 
summarizes the obtained glass transition temperatures. 
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Figure 4-8. DSC curves of PPMA-b-PMMA diblock copolymers with high molar mass. 
 
Table 4-6. Thermal characterization of the investigated block copolymers with high molar masses. 
 
 
Sample 
Weight fraction 
of PPMA 
fPPMA
Tg
(°C) 
10.9PM132.7 0.07 127 
9.6PM82.2 0.10 128 
32.4PM83.2 0.28 12 / 120 
39.7PM43.3 0.48 11 / 120 
60.2PM65.7 0.48 15 / 121 
78.4PM28.3 0.73 18 / 71 
85.9PM29.7 0.74 16 / 109 
102.4PM24.3 0.81 10 / 85 
75.5PM13.6 0.85 19 / 77 
146.3PM26.4 0.85 13 / 95 
 
 
Generally, two glass transition temperatures were found for the samples with fPPMA > 0.10. 
However, on the contrary to the low molar samples, the Tg’s of both phases, and especially 
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PPMA phase, were distinctly shifted compared to the corresponding homopolymers 
(Figure 4-9). 
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Figure 4-9. Glass transition temperatures of the PPMA-b-PMMA diblock copolymers with high 
molar masses with respect to the composition. Open symbols (○), (□) represent the Tg of PMMA-
phase and PPMA-phase in the block copolymers, respectively. The triangles present the block 
copolymers with single Tg. The closed symbols denote the Tg of homopolymers: (●)-PMMA, (■)-
PPMA. 
 
This indicates an existence of two mixed phases i.e. PPMA blocks in the PMMA phase and 
PMMA blocks in the PPMA phase. Based on the Fox-Flory equation [137, 138] the 
amount of the PPMA and PMMA in mixed phases were calculated (see Appendix). The 
results are listened in Table 4-7. 
 
Table 4-7. Mass contents of PPMA and PMMA in the mixed phases. 
 
 
Sample 
Mw 
(g/mol) 
fPPMA 
 
PPMA in 
PPMA-
phase 
(wt%) 
PPMA in 
PMMA-
phase 
(wt%) 
PMMA in 
PPMA-
phase 
(wt%) 
PMMA in 
PMMA-
phase 
(wt%) 
39.7PM43.3 83,000 0.48 38 2 10 50 
75.5PM13.6 89,100 0.85 82 3 8 7 
78.4PM28.3 106,700 0.73 57 3 16 24 
60.2PM65.7 125,900 0.48 44 9 4 43 
102.4PM24.3 126,700 0.81 79 6 2 13 
146.3PM26.4 172,700 0.85 80 6 5 9 
 
 
 
 
 
 
 
 
 
RESULTS AND DISCUSSION 54
The results reveal that the content of each component in the neighboring phase differs 
depending on the molar mass. In the case of the block copolymers with molar mass Mw ~ 
80,000 g/mol the miscibility of PMMA in the PPMA phase is higher than vice versa. A 
reverse tendency is observed for the block copolymers with higher molar mass of about 
Mw ≥ 125,000 g/mol. Here, the penetration of the PPMA chains into the PMMA phase led 
to a decrease of the Tg of the PMMA phase. Thus, an increase of the length of the PPMA 
blocks facilitates their migration into the PMMA phase. 
The observed partial miscibility of the blocks demonstrates that PPMA-b-PMMA block 
copolymers are rather weakly separated. 
Samples 10.9PM132.7 and 9.6PM82.2, despite large χN, show only a single Tg. This 
behavior is most likely caused by the very low content of the PPMA phase. 
 Thermal stability of the PPMA-b-PMMA block copolymers was investigated by 
means of the thermal gravimetric analysis. TGA reveals that the block copolymers have a 
relatively good thermal stability up to approximately 220 °C. Thereafter, degradation starts 
until maximum at about 420 °C (Figure 4-10). 
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Figure 4-10. TGA traces of investigated PPMA-b-PMMA diblock copolymers. 
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Moreover, SEC analysis showed that annealing above 200 °C affects the molar masses 
(slight reducition) and molar mass distribution (broadening) of the block copolymers, an 
example is shown in Table 4-8 and Figure 4-11. 
 
 Table 4-8. Influence of annealing on the molar mass 
and polydispersity. 
 
 
 M Mn wSample Mw/Mn[g/mol] [g/mol]  
75.5PM13.6 83,000 89,100 1.07  
75.5PM13.6a 75,700 86,200 1.14  
75.5PM13.6b 73,400 86,600 1.18  
  
75.5PM13.6a - after 1 h at 200 °C 
 75.5PM13.6b – after 1h at 270 °C 
 
Figure 4-11. SEC traces for the sample 75.5PM13.6 
 annealed at different temperatures.        
 
 
 
4.1.2.2  Investigation of the phase separation by means of SAXS measurements 
 
The temperature-resolved SAXS measurements were employed in order to identify the 
morphologies of the PPMA-b-PMMA block copolymers and to measure the domain size. 
During the SAXS measurements the samples were first heated from room temperature up 
to 200 °C and then cooled again to room temperature. This procedure was used to 
investigate the influence of the temperature on the phase behavior of the diblock 
copolymers and to locate the temperature of the order-disorder transition (ODT). However, 
in the given temperature regime we did not find any ODT (order-disorder transition). The 
measurements could not be carried out at T > 200 °C because of the thermal degradation of 
the block polymer chains. 
Figure 4-12 gives some representative SAXS patterns obtained for PPMA-b-PMMA 
diblock copolymers. The SAXS profiles are displayed in a semilogarithmic plot of the 
scattered intensity vs. magnitude of the scattering vector, q. 
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    g) 
 
Figure 4-12. Representative SAXS patterns of PPMA-b-PMMA block copolymers with different 
block length ratios and molar masses: a) 32.4PM83.2 with PPMAφ  = 0.31; b) 39.7PM43.3 with 
PPMAφ  = 0.51, c) 22.2PM22.3 with PPMAφ  = 0.53 d) 85.9PM29.7 with PPMAφ = 0.77, e) 
102.4PM24.3 with PPMAφ = 0.83, f) 75.5PM13.6 with PPMAφ = 0.86, g) 146.3PM26.4 with PPMAφ = 
0.86, The arrows indicate the relative positions of the scattering maxima. The SAXS profiles are 
vertically shifted for better visualization. 
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Volume fractions of the PPMA ( PPMAφ ) were calculated, according to the Eq.4-1. 
 
    
T
PPMAmPPMA
PPMA V
VN ,=φ     4-1 
 
where, NPPMA is the number of moles of the PPMA, Vm,PPMA denotes the molar volume of 
the poly(pentyl methacrylate) (Chapter 4.1.2.4), and VT is the total volume of the system 
(VT = NPPMAVm,PPMA + NPMMAVm,PMMA). 
The domain spacing was estimated from the equation 3-8 (Chapter 3.4). 
The scattering patterns of sample 32.4PM83.2 with PPMAφ  = 0.31 (Figure 4-12a) exhibited 
only one broad maximum which was stable over the whole temperature regime. The 
presence of only one maximum indicates that the sample was weakly phase separated, that 
means its concentration profile is close to sinusoidal (Chapter 2.1.3). Moreover, due to the 
relatively broad peaks the microstructure was considered to be poorly ordered. 
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SAXS profiles of sample 39.7PM43.3 with PPMAφ  = 0.51 showed three maxima, although 
the second and third were tiny at the beginning of the measurements (Figure 4-12b), 
indicating a lamellar structure with domain spacing Ds = 46 nm (Table 4-9). When the 
temperature was increased, the intensity of all peaks became more pronounced, especially 
above 140 °C, and their positions became slightly shifted towards higher values of q, 
corresponding to a decrease in the domain spacing. The second-order peak, however, was 
relatively weak or almost absent as compared to the third-order peak. This is due to the 
extinction condition. The extinction condition is governed by the relative ratio of the 
volume fraction of blocks A and B in the A-B block copolymer [139]. Since the volume 
ratio is equal to the lamellar thickness ratio, the nth-order diffraction peaks disappears 
when Aφ  = m/n, where m is a natural number smaller than n [140]. According to this 
criterion, the second-peak should be absent from the scattering profile when the volume 
fraction is around ≅Aφ  0.5 (= 1/2). The volume fraction of the sample 39.7 PM 43.3 is 
equal to PPMAφ  = 0.51, therefore, the extinction condition is satisfied. 
For the sample 22.2PM22.3 with PPMAφ  = 0.53, at least three peaks were discernible at 
room temperature, and the q values marked by arrows (Figure 4-12c) correspond to the 
diffraction peaks of lamellar morphology (Table 4-9). With increase of the temperature the 
second-peak disappeared but recovered at 200 °C and maintained until cooling. Moreover, 
its intensity is significantly lower than that at room temperature. Thus, in this case the 
extinction condition for the second-order peak is also satisfied. However, on the contrary 
to the previous sample, the intensity of the first-order as well as third-order scattering 
maximum decreased as the temperature was increased form 140 °C up to 200 °C, and 
remained unchanged after cooling. Such temperature variations of the SAXS profiles are a 
consequence of the decreasing segregation power between PPMA and PMMA blocks. 
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Table 4-9. The net plane spacings (dhkl) of the scattering maxima and their ratios (dhkl/d100) 
obtained from the scattering patterns of the PPMA-b-PMMA diblock copolymers with lamellar 
morphology. 
 
 Scattering Maxima 
Sample 
       1                         2                          3                   4 
dhkl [nm]      46                     23                      19                — 
39.7PM43.3 dhkl/d100       1                      0.5                     0.41 
dhkl [nm]      29                     14                        9                — 
22.2PM22.3 dhkl/d100       1                     0.48                    0.31 
102.4PM24.3 
dhkl [nm]      45                     23                       16              12 
dhkl/d100       1                     0.51                    0.35           0.26 
dhkl [nm]      48                      25                       16             12 
146.3PM26.4 dhkl/d100       1                      0.52                    0.33          0.25 
dhkl/d100 
[reciprocal] 
      1                       0.5                    0.333         0.25 
Lamellae 
     [1]                     [2]                     [3]            [4] 
 
 
Surprisingly, the existence of lamellar morphology was also found in samples 
102.4PM24.3 with PPMAφ = 0.83 and 146.3 PM 26.4 with PPMAφ = 0.86 (Table 4-9). At room 
temperature, for both samples the relative peak positions are expressed by 1:0.5:0.33:0.25 
(Figure 4-12e, and g) which is a clear evidence of a lamellar morphology. As the 
temperature increased the gradual decrease of the intensity of the higher-order peaks and 
the loss of the fourth diffraction peak was observed, indicating a decrease in the long-range 
lamellar order. The influence of the temperature on the stability of the microstructure, 
however, was more pronounced in the case of the sample with higher molar mass and 
volume fraction of PPMA. Here, at 200 °C not only the third but also the second-order 
peak was almost absent from the scattering profile. The observed dramatic change in the 
last SAXS pattern of this sample is probably caused by the partial loss of the material 
during measurements and hence, it does not accurately reflect the changes of the 
morphology. 
The presence of lamellar morphology in case of asymmetric composition, i.e. PPMAφ  = 0.83 
or PPMAφ = 0.86, is unexpected from the theoretical prediction as well as it was not 
experimentally observed previously. In this regime, due to the high compositional 
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asymmetry the formation of the structures with curved interfaces like cylinders is 
energetically more favored than the formation of the lamellar morphology. However, 
recent studies have revealed that the occurrence of the various microstructures is strongly 
affected by the conformational asymmetry, which shifts the phase boundaries (Chapter 
2.1.3). The PMMA and PPMA differ in the length of the alkyl side chains. Thus, despite 
the chemical similarity they are conformational asymmetric. The molar volume of the 
poly(methyl methacrylate) is equal to 81.9 cm3/mol, whereas that of poly(pentyl 
methacrylate) is 146.3 cm3/mol (Chapter 4.1.2.4). Both aspects, i.e. chemical similarity and 
conformational asymmetry, may also have an essential effect on the existence of the 
lamellae type morphology in this composition range. 
A more complex behavior was observed for diblock copolymer with PPMAφ = 0.77, sample 
85.9PM29.7. The SAXS patterns exhibited reflections at position ratios 
1:0.6:0.5:0.375:0.23 (Table 4-10). The first four peaks correspond well with the 
hexagonally packed cylinders (black arrows in Figure 4-12d), while the sequence of odd 
peaks (red arrows in Figure 4-12d) is consisting with lamellar morphology. Thus, the 
scattering profiles of 85.9PM29.7 suggest that this sample consists of coexisting phases, 
one lamellar and the other cylindrical. It should be noted here that the √4 peak is not well 
discernible and appears rather as a shoulder of the second peak due to the coincidence of 
its position with that of the second peak. For the hexagonally packed cylinders, Hashimoto 
et al. have reported that the √4 peak almost disappears when the volume fraction is around 
0.274 or 0.726 [141]. The value of PPMAφ  for sample 85.9PM29.7 is 0.77, which is close to 
0.726. 
 
Table 4-10. The net plane spacings (dhkl) of the scattering maxima and their ratios (dhkl/d100) 
obtained from the scattering patterns of sample 85.9 PM 29.7. 
 
 Scattering Maxima 
Sample 
       1               2                3                 4                     5 
85.9PM29.7 
dhkl [nm]      56            34             28             21                  13 
dhkl/d100       1             0.6           0.5           0.375             0.23 
Hexagonally 
packed 
cylinders 
      1            0.577        0.5           0.378             
     [1]         [√3]          [√4]          [√7] 
dhkl/d110 
[reciprocal]
dhkl/d100 
[reciprocal]
      1              —           0.5             —                0.25 
Lamellae 
     [1]                          [2]                                 [3] 
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From the fact that the scattering maxima for the lamellae overlap completely to that for the 
cylinders we concluded that observed morphology may also be related to the one of the 
metastable phases for example hexagonally perforated layers or hexagonally modulated 
lamellae. The former one is known to be a long-lived metastable phase between the 
lamellar and cylindrical phase, whereas the later one is a transient state between lamellae 
and hexagonally perforated layer. Unfortunately, the SAXS measurements do not provide 
clearly evidence, which of the above assumed morphologies really exist because they are 
characterized by similar space-group symmetry. In order to identify the existing 
microstructure high-resolution SAXS measurements or AFM would be necessary. 
The coexistence of lamellar and cylindrical phases was observed also for the sample 
75.5PM13.6 with PPMAφ  = 0.86. According to the SAXS profiles displayed in Figure 4-12f, 
hexagonally packed cylinders are characterized by scattering maxima that appear at 
relative position ratios of 1:0.575:0.48 (black arrows), whereas the reflections of lamellae 
appeared at position ratios 1:0.51:0.35:0.24 (red arrows) (Table 4-11). However, on the 
contrary to the sample 85.9PM29.7 the peaks for the lamellae did not overlap to that peaks 
for the cylinders. Thus, in this case the coexistence of both phases is more likely than the 
presence of hexagonally perforated layers or hexagonally modulated lamellae. Moreover, 
the scattering maxima of the lamellar morphology are not well resolved as compared to 
these of the cylindrical morphology, indicating that this morphology occupies only a small 
fraction of the sample volume. 
In both cases, i.e. sample 85.9PM29.7 and 75.5PM13.6, the coexisting phases were stable 
over the whole temperature regime, suggesting that the temperature did not provide any 
change in the morphology. 
 
Table 4-11. The net plane spacings (dhkl) of the scattering maxima and their ratios (dhkl/d100) 
obtained from the scattering patterns of sample 75.5PM13.6. 
Sample 
 Scattering Maxima 
       1             2              3               4                 5               6 
75.5PM13.6 
dhkl [nm]      45          33           23            19             16           11 
dhkl/d110                     1                          0.575         0.48              
dhkl/d100        1                        0.51                          0.35        0.24 
Hexagonally 
packed cylinders 
dhkl/d110 
[reciprocal] 
                    1                           0.577         0.5           
                  [1]                          [√3]         [√4]           
Lamellae 
dhkl/d100 
[reciprocal] 
      1                          0.5                         0.333        0.25 
     [1]                        [2]                           [3]          [4] 
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Table 4-12 summarizes the SAXS data obtained for PPMA-b-PMMA diblock copolymers 
investigated in this study. As can be seen, the scattering patterns of PPMA-b-PMMA 
diblock copolymers reflected for most samples lamellae morphologies. The existence of a 
lamellar morphology in a wide composition range is rather unusual for the monodisperse 
diblock copolymers and found only for a limited number of systems. 
 
Table 4-12. Bulk domain spacing of PPMA-b-PMMA diblock copolymers determined with SAXS 
measurements. 
 
Sample 
Volume 
fraction 
PPMAφ  
Morphology 
Domain 
spacing 
[nm] 
10.9PM132.7 0.08 non-phase separated 
- 
9.6PM82.2 0.12 non-phase separated 
- 
32.4PM83.2 0.31 morphology not visible 
- 
18.1PM41.1 0.33 lamellae 29 
5.5PM11.3 0.36 non-phase separated - 
5.4PM9.8 0.39 non-phase separated - 
39.7PM43.3 0.51 lamellae 46 
60.2PM65.7 0.51 lamellae 54 
22.2PM22.3 0.53 lamellae 29 
16.6PM14.1 0.57 lamellae 27 
85.9PM29.7 0.77 cyl./lam. 56 
102.4PM24.3 0.83 lamellae 45 
0.86 33 / 45 75.5PM13.6 cyl./lam 
0.86 48 146.3PM26.4 lamellae 
morphology not 
visible 0.88 - 27.3PM4.4 
 
 
The domain spacing for the lamellar morphology evaluated from the SAXS experiments 
were further double logarithmically plotted against the total molar mass (Figure 4-13). 
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Figure 4-13. Dependence of the domain spacing on the molar mass of the PPMA-b-PMMA block 
copolymers. The slope of the fitting curve is equal to 0.65. 
 
 
From this figure, we obtained the following D-M relationship for the PPMA-b-PMMA 
block copolymers (Eq.4-2) 
 
     65.0~ MD      4-2 
 
The exponent in the equation (4-2) is very close to the theoretically predicted value for 
diblock copolymers in the strong segregation limit (SSL) [142, 143]. 
 
4.1.2.3 Investigation of the “bulk” morphologies by AFM measurements 
 
To verify the SAXS findings and to obtain more detailed information about the observed 
nanostructures AFM measurement on ultrathin cuts of the pre-annealed (at 140 °C) bulk 
samples were carried out. AFM presents a very useful tool to directly image the bulk 
morphology of the block copolymers because it does not require the selective staining of 
the blocks with reactive heavy metal compounds in order to obtain a sufficient contrast on 
the image between the different domains as well as it does not damage the surface of the 
investigated sample, on the contrary to the TEM (transmission electron microscopy). The 
contrast between different components in AFM is generated by the change in the phase 
shift that is caused by the variations in material properties such as adhesion and 
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viscoelasticity. AFM measurements are especially helpful for investigation of the 
morphology of the polymethacrylates because these polymers are highly sensitive to 
decomposition in the electron beam that is often encountered during TEM measurements. 
Figure 4-14a shows the height and phase images of the sample 39.7PM 43.3with PPMAφ = 
0.51. In both cases a worm-like structure is observed, suggesting an existence of the 
perpendicular lamellae. The domain spacing (repeating unit of the periodic density 
distribution) obtained from the position of the peaks in the PSD (power spectral density) of 
the phase image agrees very well with that obtained by SAXS measurements (Table 4-13). 
Well ordered perpendicularly oriented lamellae are observed for the sample 22.2PM22.3 
with PPMAφ = 0.53 (Figure 4-14b). Some defects are caused by the preparation procedure.  
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Figure 4-14. TMAFM images of ultrathin cuts of pre-annealed block copolymer samples: a) 
39.7PM43.3, Ra = 1.58 nm; b) 22.2PM22.3, Ra= 3.22 nm; c) 102.4PM24.3, Ra= 3.13 nm; (d) 75.5 
PM13.6, Ra= 1.03 nm. Image size 2 x 2 μm2. The right and left columns present the height and 
phase images, respectively. 
 
The AFM images obtained for 102.4PM24.3 with PPMAφ  = 0.83 (Figure 4-14c) show again 
lamellae oriented normally to the film plane with some degree of ordering, confirming the 
SAXS predictions. However, on the contrary to the other samples, the value of domain 
spacing distinctly differs from that of the SAXS measurements. In Figure 4-14d, sample 
75.5PM13.6 with PPMAφ = 0.86, regions of dots and stripes are visible. We assume that the 
dots are perpendicularly oriented cylinders, while the stripes are assigned to perpendicular 
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lamellae. The repeating distance of the periodic features is D = 35 nm, which correlates 
with the SAXS finding. 
 
Table 4-13. Comparison of the domain spacing obtained from AFM measurement with the SAXS 
findings. 
 
Sample 
Domain spacing 
[nm] 
AFM 
Domain spacing 
[nm] 
SAXS 
Morphology 
39.7PM43.3 46 46 lamellae 
22.2PM22.3 27 29 lamellae 
102.4PM24.3 53 45 lamellae 
75.5PM13.6 35 33 / 45 Cyl. / lam. 
 
 
4.1.2.4 Experimental phase diagram 
 
The phase diagram (Figure 4-15) was established by mean field simulation based on the 
data summarized in the Table 4-12. The spinodals were calculated on the basis of random 
phase approximation (RPA) by using the structure factor, 1/S(q), considering partial 
stiffness of the chains (Eq.4-3) [144, 145]. 
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where ( )λ
θπ 2/sin4=q  is the absolute value of the scattering vector, are the 
structure factors of the non-interacting chain blocks and 
( )qSij0
λ denotes the interaction between 
the A and B blocks.  
The phase separation condition was achieved if 1/S(q) = 0.  
The spinodals were determined for different polydispersities in order to study the influence 
of this factor on the phase behavior of PPMA-b-PMMA diblock copolymers. For this 
purpose, the polydispersity effect was introduced into the calculations by applying the 
theory of probability to NA- and NB-dependent quantities of the structure factor (Eq.4-4), 
[146]. 
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The interaction parameter χ used in the phase diagram was derived from the solubility 
concept of Van Krevelen (Eq.4-5) [147]. 
( )
RT
v BAc
AB
2δδχ −=     4-5 
where δA and δB are solubility parameters of the homopolymers and vc is the average of the 
molar volumes of the repeating units. 
The solubility parameters were calculated according to Fedors (Eq.4-6) by using the 
correlation between cohesive energy density Ecoh and the molar volume of the repeating 
unit Vm [148]: 
2
1
⎟⎟⎠
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m
coh
V
Eδ      4-6 
The cohesive energies and the molar volumes were obtained from increment tables (Van 
Krevelen) [147]. The solubility parameters as well as molar volumes are summarized in the 
Table 4 -14. 
 
Table 4-14. Molar volume and solubility parameter of the PMMA and PPMA homopolymers. 
 
Homopolymer 
Molar volume, Vm, 
(cm3/mol) 
Solubility parameter, δ, 
(Joule/cm3)1/2
PMMA 81.9 20.32 
PPMA 146.3 19.14 
 
 
 
 
 
 
The value of the δ for the pentyl methacrylate is slightly lower than for methyl 
methacrylate, which is consistent with the previously reported decrease in the glass 
transition temperature and indicates a progressive weakening of intersegmental interactions 
with increase of the alkyl side length. 
The obtained interaction parameter for PPMA-b-PMMA block copolymers is equal to χ = 
0.065 at 25 °C. This value is significantly lower than that reported by Scherble et al. (χ = 
0.12 at 140 °C) which was determined by neutron scattering from the interfacial widths of 
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block copolymers or bilayer systems of homopolymers using one block/homopolymer 
deuterated [15]. Partially deuterated samples had to be examined to get a contrast and 
deuteration changes the polarity and chemical nature of the components. The estimation of 
the interaction parameter from the solubility approach provided only relative value of χ. 
This method is known to have quantitative limitations, especially in the case of strongly 
polar systems. 
John et al. have reported that an increase of polydispersity shifts the position of the 
spinodals towards higher values of χN [146]. That means, the degree of order of the system 
decreases with increase of polydispersity. The results for the PPMA-b-PMMA diblock 
copolymers (Figure 4-15) confirm the previously published predictions. 
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Figure 4-15. Experimental phase diagram for PPMA-b-PMMA diblock copolymers. The 
calculated spinodals represent diblock copolymers with different polydispersities: Mw/Mn= 1.0 
(solid), Mw/Mn = 1.1 (dotted), Mw/Mn = 1.2 (dashed). Symbols denotes diblock copolymers with 
different polydispersities: (●)- Mw/Mn= 1.0; (■)- Mw/Mn = 1.1; (▲)- Mw/Mn = 1.2. Filled symbols 
denote phase separated samples, open symbols - non-separated samples. Black symbols showed 
lamellar morphology, red / black- coexistence of cylinder and lamellae. 
 
 
The interaction parameter as well the spinodals determined in this study correspond well 
with the experimental findings, as illustrated in Figure 4-15. The observed asymmetry of 
the phase diagram can be accounted to the conformational asymmetry of components, as it 
was previously mentioned. 
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4.1.3 Phase behavior of PPMA-b-PMMA diblock copolymers in thin films 
 
Thin polymer films were prepared by dip-coating of polished silicon wafers into dilute (2 
mg/ml) solutions of the block copolymers in tetrahydrofuran (THF). Subsequently, the 
films were dried at room temperature for a few days. THF was chosen because it is a 
common good solvent for both components. The variations in film thickness were achieved 
by the changes of the coatings speed. For each sample two different scan sizes of the film 
surface were recorded. Since the lateral dimensions of the nanostructures are on the nano-
length scale images of about 1 x 1µm2 were recorded, while scan size of about 30 x 30 µm2 
was chosen to study the topographical features such as islands and holes. The obtained 
morphologies were mostly reproducible. 
 
• PPMA-b-PMMA diblock copolymers with low molar masses 
 
Sample 18.1PM41.1 with PPMAφ  = 0.33 
 
Figures 4-16a and b show the AFM images (1 x 1 µm2 and 30 x 30 1 µm2, respectively) of 
thin film with film thickness, Df, Df = 33 nm of lamellar-forming diblock copolymer. As 
can be seen, in both cases surface appears smooth and structureless, indicative of either 
disordered phase or a parallel alignment of the lamellae with respect to the film plane. 
Since the film thickness is only slightly higher than one lamellar bulk period Df = 1.14Ds 
where Ds is the bulk domain spacing, and Ds = 29 nm, the later assumption is thought to be 
more probable. A schematic representation of the suggested morphology is shown in 
Figure 4-17a. 
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Figure 4-16. TMAFM images of thin films of the sample 18.1PM41.1: a) 1 x 1μm2, Ra= 0.35 nm, 
Df = 33 nm; b) 30 x 30 μm2, Ra= 0.28 nm, Df = 33 nm; c) 1 x 1μm2, Ra= 0.42 nm, Df = 74 nm, 
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d) 30 x 30 μm2, Ra= 1.40 nm, Df = 74 nm. The right and left columns present the height and phase 
images, respectively. 
 
 
Since the PPMA has a significantly lower surface energy than PMMA it will tend to occur 
at the polymer/air interface in order to satisfy the thermodynamic requirements for a 
minimal surface free energy. Instead, PMMA will be located at the copolymer/substrate 
interface due to its higher affinity to the polar SiOx substrate surface. Thus, in case of 
PPMA-b-PMMA block copolymers an asymmetric wetting is assumed (Figure 4-17). 
In thicker films (Figure 4-16c and d) where the film thickness corresponds to 5/2 Ds, the 
lateral features are not observed as well and hence, a parallel orientation of the lamellae is 
assumed as sketched in Figure 4-17b. 
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Figure 4-17. Schematic depiction of suggested surface parallel morphology for sample 
18.1PM41.1: a) film thickness corresponds to one lamellar period in the bulk, Df = 1.14 Ds; b) 
film thickness corresponds to Df = 2.55Ds. 
 
 
 
Sample 22.2PM22.3 with PPMAφ  = 0.53 
 
According to the AFM images shown in Figure 4-18a, the thin film, Df = 27 nm, of the 
sample 22.2PM22.3 did not exhibit any lateral features on the nano-length scale. However, 
the topography image recorded at scan size 30 x 30 µm2 (Figure 4-18b) reveals that the 
surface of the thin film consists of holes of circular shape and terraces. The average height 
of the terraces is about T = 18 nm (Figure 4-18c). The formation of terraced structure is 
caused most likely by the incommensurability between the film thickness and lamellar bulk 
period. Although, the film thickness is only slightly less than the lamellar period  
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Df ~ 0.93Ds, Ds = 29 nm, this small difference led to frustration of the whole system. In 
consequence, a polymer film with quantized surface topography was formed to release the 
strain “frustration” imposed by film thickness. The step heights, T, are greater than the half 
of lamellar period found in bulk. In thicker film (Figure 4-18d-f) for which the film 
thickness is approximately Df ~ 2.06 Ds, the surface is significantly smoother and 
formation of holes was not observed. 
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Figure 4-18. TMAFM images of thin films of the sample 22.2 PM 22.3, a) 1 x 1 μm2, Ra = 0.64 
nm, Df = 27 nm; b) 30 x 30 μm2, Ra = 5.89 nm, Df = 27 nm; c) height profile along the line shown in 
image (b), and its corresponding 3D projection; d) 1 x 1 μm2, Ra = 1.09 nm, Df = 60 nm; e) 30 x 30 
μm2, Ra = 2.37 nm, Df = 60 nm; f) height profile along the line shown in image (e), and its 
corresponding 3D projection. The right and left columns present the height and phase images, 
respectively. 
 
The observed terraced structure implies a parallel oriented lamellae with one component 
existing on the outermost layers as indicated from the phase images. In order to have an 
additional view inside the surface structure, GISAXS measurement were performed. Figure 
4-19 presents 2D image taken at an incidence angle of 0.25 for the same film as it was 
shown in Figure 4-18a and b. As it can be seen, as only typical features the specular peak 
at αf = αi (where αf  is the exit angle and αi is the incidence angle) and the Yoneda peak 
which is a dynamic feature of diffuse scattering are visible. No other reflections are evident 
along qy and qz, and hence, no internal periodically arranged structure is present. The 
scattering intensity is however relatively weak due to the small electron difference between 
the PPMA and PMMA. 
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Figure 4-19. 2D GISAXS image of the thin film, Df = 27 nm, of the sample 22.2PM22.3 obtained 
at an incidence angle ( = 0.25°). corriα
 
 
 
Sample 16.6PM14.1 with PPMAφ  = 0.57 
 
The thin film, Df = 34 nm, of the sample 16.6PM14.1 exhibits a highly disordered 
nanostructure with evidence of phase separation but no long–range order (Figure 4-20a), 
indicative of weakly separated system. Moreover, the 30 x 30 µm2 images (Figure 4-20b) 
show islands with step heights T = 15 nm where T~ 0.5Ds. The formation of islands results 
from the incommensurability of film thickness with the bulk lamellar period Df ~ 0.88Ds. 
For thicker film, Df > 2Ds, no islands were formed and a disordered worm-like pattern is 
observed on the film surface (Figure 4-20d-e). 
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d) 
a , 
f = 34 nm; b) 30 x 30 μm2, Ra = 2.34 nm, Df = 34 nm; c) height profile along the line shown in 
• PPMA-b-PMMA diblock copolymers with high molar masses 
 
 
ample 32.4PM83.2 with
 
 
 
 5 nm
 
 
 
 
 
 
 
 
     0 
5°
 
 
 
 
 
 
 
 
0 
 
 
 
 
 
 
 
 
 
 
 
e) 
 
 
 
 
 
20 nm
 
 
 
 
 
 
 
 
      0 
15°
 
 
 
 
 
 
 
 
0 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-20. TMAFM images of thin films of the sample 16.6PM14.1, a) 1 x 1 μm2, R  = 0.23 nm
D
image (b), and its corresponding 3D projection; d) 1 x 1 μm2, Ra = 0.52 nm, Df = 55 nm; e) 30 x 30 
μm2, Ra = 0.63 nm, Df = 55 nm. The right and left columns present the height and phase images, 
respectively. 
 
 
S  PPMAφ  = 0.31 
he thin films of the sample 32.4PM83.2 exhibit a stripe-like surface structure for films 
 
T
with thickness, Df ~ 0.4Ds, and Df  ~ 1.5Ds (Figure 4-21a and c). The stripes are irregular 
and diffuse. The corresponding 30 x 30 µm2 images do not show any topographical 
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features (Figure 4-21b and d). Thus, in this case formation of islands and holes was 
suppressed. The lateral dimension of observed morphology is 39 nm. This value is in 
accordance with that obtained from the position of the first maximum found in SAXS 
patterns (Ds = 41 nm). 
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Figure 4-21. TMAFM images of thin films of the sample 32.4 PM 83.2, a) 1 x 1 μm2, Ra = 0.45 
nm, Df = 17 nm; b) 30 x 30 μm2, Ra = 0.20 nm, Df = 17 nm; c) 1 x 1 μm2, Ra = 0.45 nm, Df = 60 nm; 
d) 30 x 30 μm2, Ra = 0.30 nm, Df = 60 nm. The right and left columns present the height and phase 
images, respectively. 
 
Sample 39.7PM43.3 with PPMAφ  = 0.51 
 
The 1 x 1µm2 height and phase AFM images of the thin film with thickness, Df = 42 nm, 
and Df ~ 0.91 Ds where Ds = 46 nm, reveal an existence of irregular, apparently disordered 
nanostructure. The additional 30 x 30 µm2 images exhibit round-shaped holes with T ~ Ds. 
As the thickness of the film increases to Df = 90 nm, the holes or islands became more 
elongated and the nanostructure was lost. 
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Figure 4-22. TMAFM images of thin films of the sample 39.7PM43.3, a) 1 x 1 μm2, Ra = 0.33 nm, 
Df = 42 nm; b) 30 x 30 μm2, Ra = 9.85 nm, Df = 42 nm; c) height profile along the line shown in 
image (b), and its corresponding 3D projection; d) 1 x 1 μm2, Ra = 0.96 nm, Df = 90 nm; e) 30 x 30 
μm2, Ra = 23.3 nm, Df = 90 nm; f) height profile along the line shown in image (e), and its 
corresponding 3D projection. The right and left columns present the height and phase images, 
respectively. 
 
 
Sample 85.9PM29.7 with PPMAφ  = 0.77 
 
As can be seen in Figure 4-23a, the phase and height images of the thin film with Df = 42 
nm of the sample 85.9PM29.7 do not show any lateral nanostructure. However, due to the 
incommensurability between film thickness and bulk domain period Df ~ 0.75Ds where Ds 
= 56 nm, again islands with T = 30 and T = 0.53Ds nm were formed on the surface (Figure 
4-23b-c). A well defined nanostructure consisting of alternating layers of PPMA and 
PMMA domains, indicative of either parallel aligned cylinders or a perpendicular lamellae 
is observed for films with thickness of about Df = 60 nm and Df ~ 1.07Ds (Figure 4-23d). 
The domain spacing obtained from the position of the peak in the PSD (power spectral 
density) of the phase image equals 50 nm which correlates with the domain spacing found 
in the bulk sample. For this sample a coexistence of lamellar and cylindrical morpholgy in 
bulk was deduced from the SAXS measurements. Since the film thickness is comparable 
with the bulk period and AFM images of parallel aligned cylinders resemble that of 
perpendicularly oriented lamellae it is difficult to establish which of the above mentioned 
morphologies exists on the surface because AFM on its own can not distinguish between 
the two possibilities. In order to solve this issue a depth profiling technique, for instance 
SIMS is required.  
For thicker films Df = 90 nm, a destruction of the lateral order of the nanostructure is 
observed (Figure 4-23g). The layers are partially broken-up into an irregular surface 
pattern. The corresponding 30 x 30 µm2 images reveal that the film surface is smooth and 
does not exhibit any topographical features (Figure 4-23h). 
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Figure 4-23. TMAFM images of thin films of sample 85.9PM29.7, a) 1 x 1 μm2, Ra = 0.15 nm, Df 
= 42 nm; b) 30 x 30 μm2, Ra = 2.45 nm, Df = 42 nm; c) height profile along the line shown in 
image (b), and its corresponding 3D projection; d) 1 x 1 μm2, Ra = 0.64 nm, Df = 60 nm; e) 30 x 30 
μm2, Ra = 7.29 nm, Df = 60 nm; f) height profile along the line shown in image (e), and its 
corresponding 3D projection; g) 1 x 1 μm2, Ra = 1.25 nm, Df = 90 nm; h) 30 x 30 μm2, Ra = 2.64 
nm, Df  = 90 nm . The right and left columns present the height and phase images, respectively. 
 
 
Sample 102.4PM24.3 with PPMAφ  = 0.83
 
In case of the thin film, Df = 40 nm, and Df ~ 0.88Ds an array of round-shaped domains 
with low degree of in-plane orientation is seen at the surface (Figure 4-24a). The average 
center-to-center distance between the domians is 43 nm, which corresponds to that 
observed in the bulk (Ds = 45 nm). At a first glance the observed nanostructure resembles a 
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cylindrical morphology oriented normal to the surface. Such a nanostructure would be 
expected from the volume fraction of the sample ( PPMAφ  = 0.83). However, the SAXS data 
are contradictory. The scattering patterns shown in Figure 4-12g clearly indicate an 
existence of a lamellar morphology. Thus, the following possibility can be consider. It was 
reported that the morphology in thin films can significantly differ from that in bulk due to 
the commensurability and wetting effects (Chapter 2.1.5). Knoll et al. showed that 
depending on the film thickness three different microdomain patterns, i.e., cylinders 
oriented perpendicular or parallel to the surface, and a perforated lamella were formed in 
thin films of cylinder-forming polystyrene-block-polybutadiene-block-polystyrene (SBS) 
triblock copolymers [149, 150]. It is also most likely that the thin film of the sample 102.4 
PM 24.3 exhibits a channel morphology. 
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Figure 4-24. TMAFM images of thin films of the sample 102.4PM24.3, a) 1 x 1 μm2, Ra = 0.43 
nm, Df = 40 nm; b) 30 x 30 μm2, Ra = 2.9 nm, Df = 40 nm; c) height profile along the line shown in 
image (b), and its corresponding 3D projection; d) 1 x 1 μm2, Ra = 0.51 nm, Df = 97 nm; e) 30 x 30 
μm2, Ra = 1.10 nm, Df = 97 nm; f) height profile along the line shown in image (e), and its 
corresponding 3D projection. The right and left columns present the height and phase images, 
respectively. 
 
To test the above hypothesis, we performed GISAXS measurements. The two-dimensional 
(2D) scattering profile of this sample taken at an incidence angle of 0.25° is displayed in 
Figure 4-25a. As can be seen, besides specular and Yoneda peaks, GISAXS scattering 
pattern exhibits an additional peak along qy at position marked with an orange line, 
indicative of a lateral structure aligned normal to the substrate. However, no other 
reflections are evident and hence, the assignment of the observed scattering profile to one 
of the known morphologies, lamellae or cylinders, is prevented. An out-off scan is shown 
in Figure 4-25b. Considering the peak position (qy ~ 0.0132 Å-1), we obtained that the 
lateral dimension of the observed microstructure equals Ds = 47.6 nm which is in 
accordance with SAXS finding (Ds = 45 nm). 
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Figure 4-25. GISAXS data obtained for thin film, Df = 40 nm, of sample 102.4PM24.3. a) 2D 
image taken at an incident angle ( = 0.25), b) out-off plane scan. corriα
 
 
Considering the AFM images shown in Figure 4-24b we find that besides nanostructure, 
topographical features like islands with T = 25 nm and T > 0.5 Ds were formed at the film 
surface to accommodate the restraints placed on the morphology by the film thickness. The 
surface of the thicker film Df = 97 nm and Df = 2.15 Ds is relatively smooth and the 
nanostructure is still visible. 
 
Sample 75.5PM13.6 with PPMAφ  = 0.86 
 
For ultrathin film, Df = 15 nm, of the sample 75.5PM13.6 small dots are observed on parts 
of the surface, indicating perpendicularly oriented cylinders (Figure 4-26a). The additional 
30 x 30 µm2 height image (Figure 4-26b) reveals that the dots exist on elevations (islands) 
that formed an interconnected network covering the whole film surface. The step heights, 
T, is 11 nm. For thicker films Df = 23 nm the topographical features are no longer visible 
(Figure 4-26e) and a transition from dots to irregular stripes with average periodic distance 
D = 33 nm is observed (Figure 4-26d). This value corresponds well with that obtained by 
SAXS measurements for cylindrical morphology (Table 4-12). 
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Figure 4-26. TMAFM images of thin films of the sample 75.5PM13.6, a) 1 x 1 μm2, Ra = 0.58 nm, 
Df = 15 nm; b) 30 x 30 μm2, Ra = 2.64 nm, Df = 15 nm; c) height profile along the line shown in 
image (b), and its corresponding 3D projection; d) 1 x 1 μm2, Ra = 0.33 nm, Df = 23 nm; e) 30 x 30 
μm2, Ra = 0.23 nm, Df = 23 nm; f) 1 x 1 μm2, Ra = 0.64 nm, Df = 62 nm; g) 30 x 30 μm2, Ra = 0.35 
nm, Df = 62 nm . The right and left columns present the height and phase images, respectively. 
 
When the film thickness became thicker than the natural period (Df = 62 nm and Df > 1.5 
Ds) the stripes become more elongated and we identified this morphology as cylinders 
lying parallel to the surface. From SAXS measurements a coexistence of cylindrical and 
lamellar morphology in bulk was predicted, similarly as for the sample 85.9PM29.7 
with PPMAφ = 0.77. However, in case of 75.5PM13.6 the film thickness distinctly differs 
from the bulk period and hence, parallel alignment of cylinders is thought to be more 
reasonable than perpendicularly oriented lamellae. 
 
Sample 146.3PM26.4 with PPMAφ  = 0.86 
 
As can be seen in Figure 4-27, this sample exhibits similar surface characteristics as that 
observed for the sample 102.4PM24.3 with PPMAφ  = 0.83. In this case, however, the 
nanostructure is found to be more irregular and the number of islands is higher. For this 
sample also lamellar morphology was predicted on the basis of the SAXS experiments and 
hence, the same conclusion, as for the sample 102.4PM24.3 about the observed 
nanostructure can be drawn. The domain spacing is about 49 nm, which is in good 
agreement with the bulk lamellar spacing (Ds= 48 nm). 
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Figure 4-27. TMAFM images of thin films of the sample 146.3PM26.4, a) 1 x 1 μm2, Ra = 0.23 
nm, Df = 39 nm; b) 30 x 30 μm2, Ra = 3.63 nm, Df = 39 nm; c) height profile along the line shown in 
image (b), and its corresponding 3D projection d) 1 x 1 μm2, Ra = 0.32 nm, Df = 86 nm; e) 30 x 30 
μm2, Ra = 0.25 nm, Df = 86 nm. The right and left columns present the height and phase images, 
respectively. 
 
• Conclusions 
 
On the basis of the AFM investigations we found that the film thickness is strongly 
influenced both the morphology and topography of PPMA-b-PMMA diblock copolymer 
thin films. When the thickness of the film was slightly less than one bulk domain (lamellar) 
period, Df ~ 0.9Ds, either holes or islands with step heights T~ 0.5Ds were formed on the 
surface. As the film became thicker, Df ~ 2Ds, the topographical features were no longer 
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observed, except for sample 39.7PM43.3 where islands and holes were found in thin as 
well as in thicker films. The studies on the evolution of the terraced structures (islands and 
holes) in the thin block copolymer films have attracted much attention, however, it is still 
difficult to establish which of the reported phenomena represent general behavior of the 
diblock copolymer films. One of the generally accepted rules is that the topographical 
features will be formed if the film thickness does not match the quantized values, whether 
nDs or (n + ½)Ds for the symmetric and asymmetric wetting, respectively, in order to 
satisfy the imposed constraint. Additionally, for very thin films, when the film thickness is 
approximately Ds or less, a perpendicular alingment of the domains is assumed (Chapter 
2.1.5). Bassereau et al. reported that thin films of poly(styrene-b-methyl methacrylate) (PS-
b-PMMA) diblock copolymers with film thickness 0.5 Ds< Df < Ds exhibited isolated 
holes, whereas islands were formed for film thicknesses Df < 0.5Ds, when the films were 
exposed on non-interacting surfaces (symmetric wetting). Additionally, the step heights in 
each case was Ds [151]. However, when symmetric PS-b-PMMA diblock copolymers were 
spin-cast onto silicon substrates (asymmetric wetting) it was found that the topographical 
features were formed on the surfaces of thick (Df >> Ds) as well ultrathin films (Df ≤ Ds) 
but only after long annealing time [152, 153]. On other hand, Russell et al. did not observe 
any formation of islands on the surface of thin films Df ≤ 1.5Ds lamellar-forming PS-b-
PMMA diblock copolymers exposed onto silicon substrates even after annealing. The 
reason for that was high molar mass (301,400 g/mol) of the investigated samples. It was 
reported, that the energy required to form islands depends on the molar mass of the 
copolymer, so the natural period, and the higher the molar mass, the more difficult it is to 
form islands [154]. Formation of islands and holes was also observed on the surface of 
annealed thin films of symmetric poly(styrene-b-butyl methacrylate) (PS-b-PBMA) 
diblock copolymers [155]. Yokoyama et al. reported that the topographical features were 
formed even on the surface of thin films of asymmetric poly(styrene-b-2-vinylpyridine) 
(PS-b-PVP) diblock copolymers when the film thickness was not commensurated with the 
natural period. Moreover, they provided that in case of very thick films, i.e. several natural 
period, islands or holes did not form and the strain imposed by difference between film 
thickness and natural period was released by distortion of the layered structure inside the 
film [156]. The morphology and topography of thin films of nearly symmetric and 
asymmetric poly(ethylene-propylene)-b-poly(ethylethylene) (PEP-b-PEE) diblock 
copolymers was investigated by Karim et al. [157]. They found that thin films of 
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asymmetric PEP-PEE did not exhibit any lateral features on a macroscopic scale, while the 
symmetric ones formed islands on the surface. 
The discrepancy between the reported data for various block copolymer systems suggests 
that the formation of terraced structures is most likely to be dependent on the polymer 
being investigated. Moreover, the evolution of island and holes is dependent on the solvent 
as well as the substrate used for film preparation. It was lately reported that the thin films 
of polystyrene-b-2-ferrocenylethyl methacrylate (PS-b-FEMA) block copolymers formed 
islands when they were prepared from THF solution (a non-selective high vapor pressure 
solvent), whereas relatively smooth surface were obtained when selective low vapor 
pressure solvents (toluene and xylene) were used [158]. 
 
4.1.3.1 Influence of the thermal annealing on the morphology of thin films  
 
In order to study the influence of the temperature on the morphology of thin PPMA-b-
PMMA block copolymer films the samples were annealed at 140 °C in vacuum for 12 and 
24 h and then quenched to room temperature. Figure 4-28 shows the AFM images (3 x 3 
µm2) of the thin film of the sample 85.9PM29.7 with PPMAφ  = 0.77 before annealing. The 
film thickness is comparable with the bulk domain spacing. The corresponding 1 x 1 µm2 
and 30 x 30 µm2 images were shown in Figure 4-23d-e. 
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Figure 4-28. a) TMAFM images (3 x 3 µm2) of thin films, Df = 60 nm, of the sample 85.9PM29.7, 
Ra = 1.0 nm; b) 3D projection of height image. The right and left columns present the height and 
phase images, respectively. 
 
 
Annealing for 12 h provided a significant change in the topography of the film (Figure 4-
29c-d). The surface became more rough and formation of round-shaped holes with T = 47 
nm is observed. The worm-like nanostructure exists only on the upper regions of the film, 
whereas on the lower parts only single domains are recognizable (Figure 4-29a). 
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Figure 4-29. TMAFM images of thin films, Df = 60 nm, of the sample 85.9PM29.7 annealed at 
140 °C for 12 h. a) 3 x 3 µm2, Ra = 5 nm; b) 3D projection of height image; c) 30 x 30 µm2, Ra = 13 
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nm; d) height profile along the line shown in image (c), and its corresponding 3D projection The 
right and left columns present the height and phase images, respectively. 
 
 
On further annealing the roughness of the surface increased and the nanostructure was lost 
) 
 
 
from the upper as well as from the lower parts of the film (Figure 4-30a-d). 
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Figure 4-30. TMAFM images of thin films, Df = 60 nm, of the sample 85.9PM29.7 annealed at 
140 °C for 24h. a) 3 x 3 µm2, Ra = 4 nm; b) 3d projection of height image; c) 30 x 30 µm2, Ra = 16 
nm; d) height profile along the line shown in image (c), and its corresponding 3D projection . The 
right and left columns present the height and phase images, respectively. 
 
 
A distinctly different behavior was observed for the samples with a film thickness higher 
than the one bulk domain spacing, Df > Ds. Figure 4-31 presents the TMAFM images (3 x 
3 µm2) of the thin film of the sample 85.9PM29.7 with Df = 90 nm before annealing, 
corresponding 1 x 1µm2 and 30 x 30 µm2 images were shown in Figure 4- 23g-h. 
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Figure 4-31. TMAFM images of thin films, Df = 90 nm, of the sample 85.9PM29.7; a) 3 x 3 µm2, 
Ra = 3 nm; b) 3D projection of height image. The right and left columns present the height and 
phase images, respectively. 
 
In contrast to the thinner film, on annealing after 12 h ribbon-like islands appeared on the 
surface (Figure 4-32c) and the nanostructure exists on both upper and lower parts of the 
film (Figure 4-32a-b). 
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Figure 4-32. TMAFM images of thin films, Df = 90 nm, of the sample 85.9PM29.7 annealed at 
140 °C for 12 h. a) 3 x 3 µm2, Ra = 10 nm; b) 3D projection of height image; c) 30 x 30 µm2, Ra = 
11 nm; d) height profile along the line shown in image (c), and its corresponding 3D projection The 
right and left columns present the height and phase images, respectively. 
 
 
Further annealing caused a rearrangement of the nanostructure. As can be seen in Figure 4-
33a and c the worm-like nanostructure was partially broken up into small dots and the 
ribbon-like islands formed an interconnected network covering the whole film surface. 
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Figure 4-33. TMAFM images of thin films, Df = 90 nm, of the sample 85.9PM29.7 annealed at 
140 °C for 24h. a) 3 x 3 µm2, Ra = 4 nm; b) 3D projection of height image; c) 30 x 30 µm2, Ra = 12 
nm; d) height profile along the line shown in image (c), and its corresponding 3D projection The 
right and left columns present the height and phase images, respectively. 
RESULTS AND DISCUSSION 105
Thus, thermal annealing of the thin films of PPMA-b-PMMA block copolymers led to 
significant changes in their morphology and topography. Depending on the initial film 
thickness two different tendencies were observed. For the films with thicknesses 
comparable to one bulk period, Df ~ Ds, round-shaped holes appeared on the surface and 
the nanostructure was lost after 24h of annealing. Whereas for films thicker than one bulk 
period Df = 1.6Ds ribbon-like islands were formed on the surface and the nanostructure did 
not vanish after 24 h of annealing. A formation of round-shaped islands on the surface of 
the thin films 1.5Ds< Df < 2Ds of symmetric PS-b-PMMA diblock copolymers annealed at 
190 °C for 8 h was observed by Coulon et al. [159]. Moreover, they also found that holes 
of circular shape were formed when the film thickness was thicker than two lamellar 
period  Ds< Df < 2.5Ds. 
 
4.1.3.2 Influence of the solvent vapor treatment on the morphology of thin films 
 
As it has been already reported, exposure of the polymer films to saturated vapor of solvent 
selective for one of the components leads to morphological and topographical changes of 
the films [81], [160-163]. It was found that by selective solvent swelling, highly ordered 
nanoscale depressions or striped morphologies can be prepared in symmetric polystyrene-
b-poly(methyl methacrylate) (PS-b-PMMA) thin films by tuning the film thickness, the 
solvent selectivity, and solvent annealing time [84], [87]. 
To investigate the effect of the solvent treatment on the morphology of thin films PPMA-b-
PMMA diblock copolymer, the samples were exposed to two different solvent vapors: 
dimethylformamid (DMF) and n-hexane. DMF is a good solvent for PMMA but poor 
solvent for PPMA, while n-hexane is more selective towards PPMA than PMMA. The thin 
films of sample 85.9PM29.7 forming a stripe-like morphology with Ds = 54 nm, were used 
for this study. The 3 x 3 µm2 AFM images of thin films of the as-prepared samples were 
shown in Figure 4-28 for film thickness Df = 60 nm, and in Figure 4-31 for film thickness 
Df = 90 nm. The as-prepared thin films were placed in a closed chamber together with a 
reservoir of pure solvent and kept at room temperature for 5 days. Thereafter, the samples 
were removed to ambient atmosphere and observed by AFM. 
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• Vapor treatment in DMF 
 
After exposure to the vapor of DMF the nanostructure became diffuse and the films broke 
up to form holes with T = 37 nm, independent on the film thickness (Figure 4-34 and 
Figure 4-35). Since the PMMA is more soluble in the DMF, there is a strong attractive 
interaction between the PMMA segments and solvent. As a result, the PMMA blocks were 
swollen by DMF more than PPMA. This led to a thickening of the PMMA domians and an 
increase of the domain spacing, Ds = 70 nm was found. However, additional measurements 
of the film thicknesses provided, that they did not change after solvent vapor treatment. 
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Figure 4-34. TMAFM images of thin films, Df = 60 nm, of the sample 85.9PM29.7 annealed with 
DMF. a) 3 x 3 µm2, Ra = 2 nm; b) 3D projection of height image; c) 30 x 30 µm2, Ra = 15 nm; d) 
height profile along the line shown in image (c), and its corresponding 3D projection The right and 
left columns present the height and phase images, respectively. 
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Figure 4-35. TMAFM images of thin films, Df = 90 nm, of the sample 85.9PM29.7 annealed with 
DMF. a) 3 x 3 µm2, Ra = 2 nm; b) 3D projection of height image; c) 30 x 30 µm2, Ra = 15 nm; d) 
height profile along the line shown in image (c), and its corresponding 3D projection The right and 
left columns present the height and phase images, respectively. 
 
 
• Vapor treatment in n-hexane 
 
After treating in n-hexane vapor, a striped morphology was found for both thinner and 
thicker films, as shown by Figure 4-36a and 4-37a. The surface patterns are very similar to 
that observed for the non-annealed samples and hence it is obvious that the n-hexane 
treatment did not change the overall nanostructure. For small film thicknesses formation of 
elongated islands and a slightly increase of the roughness of the film was observed (Figure 
4-36c-d). Whereas the thicker film did not show any macroscopical features and its 
roughness was comparable with that of the as-prepared sample (Figure 4-37c-d). In both 
cases the domain spacing was about 53 nm which correlates with the domain spacing 
found for the as-prepared samples. As it has been previously mentioned, n-hexane is a 
selective solvent for PPMA. Additionally, PPMA has a lower surface energy and hence it 
will be preferentially located at the polymer-air interface. Therefore, when treated in 
PPMA selective solvents, the upper boundary condition favors the PPMA to dominate the 
upper surface. 
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igure 4-36. TMAFM images of thin films,Df = 60 nm, of the sample 85.9PM29.7 annealed with 
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n-hexane. a) 3 x 3 µm , Ra = 3 nm; b) 3D projection of height image; c) 30 x 30 µm , Ra = 6 nm; d) 
height profile along the line shown in image (c), and its corresponding 3D projection The right and 
left columns present the height and phase images, respectively. 
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Figure 4-37. TMAFM images of thin films, Df = 90 nm, of the sample 85.9PM29.7 annealed with 
n-hexane. a) 3 x 3 µm2, Ra = 2 nm; b) 3D projection of height image; c) 30 x 30 µm2, Ra = 4 nm; d) 
height profile along the line shown in image (c), and its corresponding 3D projection The right and 
left columns present the height and phase images, respectively. 
 
 
From the vapor annealing experiments we obtained that the exposure of PPMA-b-PMMA 
thin films to solvent vapor for long period of time did not provide any remarkable 
rearrangement of the initial nanostructure. Vapor treatment in DMF, however, led to the 
desired changes in the surface topography and an increase of the domain spacing, but the 
striped morphology was still visible. Xuan et al. have investigated the morphology 
development in ultrathin films of symmetric PS-b-PMMA diblock copolymers exposed on 
an extended PMMA-selective solvent vapor treatment and found that after 120 h the film 
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morphology was similar to that observed for as-prepared sample but with PMMA instead 
of PS dominating the free surface [87]. In our case, based on the XPS measurements we 
obtained after DMF treatment, the PPMA segregated preferentially to the air surface. The 
discrepancy between both findings can be related to sufficiently higher difference in the 
surface energies of PPMA and PMMA blocks compared to the PS/PMMA system as well 
to the preparation process and used solvent. Xuan et al. have also investigated the influence 
of the solvent selectivity effect on the morphology. When the thin films were exposed to 
PMMA-selective solvent vapor an ordered morphology was observed. Whereas 
macroscopically flat surfaces with small protrusions were obtained after treatment with PS-
selective solvent vapor. 
 
 
4.1.4 Wettability of thin films of PPMA-b-PMMA diblock copolymers 
 
Finally, we performed contact angle measurements on the thin PPMA-b-PMMA diblock 
copolymer films in order to study the influence of the observed phase separation on the 
wettability of PPMA-b-PMMA surfaces. The advancing and receding contact angles of 
sessile water (γl =71.9 mJ/m2) drop were measured using a contact angle technique based 
on axisymmetric drop shape analysis (ADSA), Chapter 3.7. First, contact angles of PPMA 
and PMMA homopolymers were determined. The advancing and receding contact angles 
as well as surface tensions of the homopolymers investigated in this work compared to 
other polymethacrylates are given in Table 4-15. 
 
Table 4-15. Contact angles and surface tensions of poly(n-alkyl methacrylates). 
 
Polymer θa (deg) θr (deg) γsv (mJ/m2) 
PMMA (this work) 
PMMA [164] 
74.1 ± 0.05 
73.7 ± 0.3 
59.2 
not given 
38.9 ± 0.5 
39.3 ± 0.5 
PEMA [165] 82.7 not given 33.6 ± 0.5 
PPrMA (this work) 92.8 ± 0.03 74.0 27.4 ± 0.5 
PnBMA [165] 90.7 ± 0.8 not given 28.8 ± 0.5 
PPMA (this work) 97.0 ± 0.03 75.0 25.0 ± 0.5 
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As it can be seen, the contact angle and surface tension found for PMMA correlates well 
with that measured by Kwok et al. [165]. Moreover, the results obtained for PPMA reflects 
explicitly the tendency observed for polymethacrylates, i.e. increase of the length of the 
alkyl side chain leads to increase of the contact angle and to decrease of the surface 
tension. 
The measured advancing contact angles on the PPMA-b-PMMA diblock copolymer 
surfaces were in most cases even on nicely nanostructured surfaces very similar to the 
contact angle of poly(pentyl methacrylate), indicating preferential segregation of PPMA to 
the film surface, Table 4-16 and Figure 4-38. Only surfaces of samples 10.9PM132.7 and 
9.6PM82.2 with very small content of PPMA were slightly more hydrophilic. 
 
Table 4-16. Advancing and receding water contact angles, contact angle hysteresis (Δθ) obtained 
by ADSA for thin PPMA-b-PMMA diblock copolymer films. 
 
Sample 
Molar fraction of 
PPMA 
θa (deg) θr (deg) Δθ = θa - θr
10.9PM132.7 0.05 87.3 ± 0.05 68.9 18.4 
9.6PM82.2 0.07 89.2 ± 0.8 67.6 ± 21.6 
32.4PM83.2 0.20 97.9 ± 0.05 77.1 ± 0.2 20.8 
18.1PM41.1 0.22 91.8 ± 0.03 74.4 17.4 
39.7PM43.3 0.37 97.7 ± 0.06 76.3 ± 0.06 21.4 
60.2PM65.7 0.37 95.4 ± 0.03 75.6 ± 0.2 19.8 
22.2PM22.3 0.39 95.3 ± 0.03 77.5 ± 0.1 17.8 
16.6PM14.1 0.43 94.8 ± 0.03 77.3 ± 0.1 17.5 
78.4PM28.3 0.64 95.5 ± 0.05 77.2 ± 0.3 19.3 
85.9PM29.7 0.65 97.1 ± 0.2 76.8 ± 0.1 20.3 
102.4PM24.3 0.73 95.6 ± 0.1 77.5 18.1 
75.5PM13.6 0.78 95.4 ± 0.9 67.5 ± 0.9 27.9 
146.3PM26.4 0.78 96.1 ± 0.2 73.3 22.8 
 
 
The presence of the PPMA at the surface in case of the parallel arrangement of the lamellar 
microdomains is caused by the wetting effect, as it was shown in Figure 4-17. Whereas, in 
case of the thin films for which both components were observed in AFM on the surface, 
for instance, sample 85.9PM29.7 (Figure 4-23), 102.4PM24.3 (Figure 4-24), 75.5PM13.6 
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(Figure 4-25), and 146.3PM26.4 (Figure 4-26) an existence of a very thin layer of PPMA 
on the top of the surface covering the underlying nanostructure is assumed. Since PPMA is 
rubbery at room temperature, during AFM measurements the tip can easily indent by 
several nanometers. It was provided, that the height images of surfaces with a laterally 
varying stiffness recorded by AFM in Tapping Mode does not necessarily represent the 
true topography of the film because they are determined by an interplay between the real 
surface topography and lateral variations in the indentation depth of the tip [166, 167]. 
Knoll et al. have investigated the topography of the surface of thin films of poly(styrene-b-
butadiene-b-styrene) (SBS) triblock copolymers by TM-AFM and found that the 
indentation depth on the harder parts of the sample, i.e. on polystyrene-rich phase, was 
significantly higher, approximately 10 nm, than the indentation depth on the surface of 
homopolystyrene thin film. This finding clearly indicated that the glassy polystyrene 
domains were covered by a continuous layer of the softer component, i.e. polybutadiene 
which has a lower surface energy than PS. 
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Figure 4-38. Advancing contact angle versus molar fraction of PPMA in PPMA-b-PMMA diblock 
copolymers. 
 
 
An existence of a thin continuous surface layer consisting of the component with lower 
surface free energy, which covers the underlying nanostructure, was also found for thin 
films of poly(styrene-b-butadiene) (PS-b-PB) diblock copolymers [154] and polystyrene-b-
polybutadiene-b-poly(methyl metharcylate) (SBM) triblock copolymers [166]. In all cases 
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the observed behavior was supposed to be governed by the tendency of the system to 
minimize its total energy by exposure of the lower surface energy component at the 
surface. 
To further test the above assumption, we determined the surface composition of the 
investigated thin films by using XPS measurements. The XPS spectra were taken at three 
different take-off angles between the sample surface and the analyzer (0°, 60°, 75°). The 
angles correspond to an information depths of 10, 4, and 2 nm, respectively. The 
quantitative elemental compositions [O]/[C] were determined from the peak areas. A 
detailed description is presented in Appendix.  
Table 4-17 summarizes the XPS data obtained for thin films of sample 85.9PM29.7. 
 
Table 4-17. Content of PPMA on the different depth of thin films of sample 85.9PM29.7 obtained 
by XPS. 
 
Sample 
PPMA 
(mol%)1
Film 
thickness 
(nm) 
PPMA 
(mol%) 
Take-off angle 
(0°) 
PPMA 
(mol%) 
Take-off angle 
(60°) 
PPMA 
(mol%) 
Take-off angle 
(75°) 
60 73 100 100 
85.9PM29.7 65 
90 74 100 100 
40 84 100 100 
102.4PM24.3 73 
97 84 100 100 
39 89 100 100 
146.3PM26.4 78 
86 89 100 100 
1 obtained form 1H NMR 
 
The XPS findings gave clearly evidence for the formation of a thin PPMA layer at the 
surface with thickness of at least 4 nm. 
Thus, the contact angle and XPS measurements provided that the wettability of the thin 
films of PPMA-b-PMMA diblock copolymers is more influenced by the chemical 
composition of the system than by its nanostructuration. 
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4.2 Poly(propyl methacrylate-b-methyl methacrylate) diblock 
copolymers 
 
In the following sections investigations of the phase behavior of poly(propyl methacrylate-
b-methyl methacrylate) (PPrMA-b-PMMA) diblock copolymers are presented. 
Since the chemical structure of poly(propyl methacrylate) (PPrMA) only slightly differs 
from that of PMMA, the repulsive interactions between the both components are weak, 
even weaker as in the case of PPMA-b-PMMA diblock copolymers, and hence, PPrMA-b-
PMMA has a lower tendency to phase separate than PPMA-b-PMMA. However, Scherble 
et al. have shown on the basis of neutron reflection measurements, that partially deuterated 
PPrMA-b-PMMA were phase separated [15]. Considering the above aspects, we decided 
to choose PPrMA-b-PMMA diblock copolymer as another polymethacrylic system and to 
study its phase behavior both, in bulk and thin films, in order to prove how far the phase 
separation and formation of nanostructures will be affected by a further weakening the 
interactions between the coexisting components. The contact angle measurements on the 
surfaces of thin PPrMA-b-PMMA films will provide additional information about the 
influence of this effect on the wettability of the polymer surfaces. 
 
4.2.1 Synthesis of PPrMA-b-PMMA diblock copolymers 
 
 
The PPrMA-b-PMMA diblock copolymers utilized in this approach were synthesized via 
sequential living anionic polymerization under the same experimental conditions as used 
for preparation of PPMA-b-PMMA diblock copolymers (Chapter 4.1.1). Because of large 
similarity between the chemical structure of the components and assumed low tendency of 
PPrMA-b-PMMA to undergo a phase separation, products with high molar masses Mn > 
100,000 g/mol were prepared. It is well known that increasing the molar mass of the block 
increases the size of block domains and the tendency to phase separation in general. 
As in previous case series of poly(propyl methacrylate) homopolymers were prepared, 
firstly to obtain samples with varied molar mass for comparison of the Tg’s. In Table 4-18 
molecular characteristics and glass transition temperatures of the synthesized PPrMA 
homopolymers are summarized. 
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Table 4-18. Molar masses and glass transition temperatures of synthesized poly(propyl 
methacrylate) homopolymers. 
 
 
Sample 
Mn
(g/mol) 
Mw
(g/mol) 
Mw/Mn
Tg
(°C) 
PPrMA 15,300 16,500 1.07 55 
PPrMA 20,000 21,800 1.08 56 
PPrMA 54,900 60,600 1.10 52 
PPrMA 74,800 82,100 1.09 52 
PPrMA 80,800 89,900 1.11 52 
PPrMA 95,100 103,500 1.08 52 
 
 
Molecular characteristics of the synthesized PPrMA-b-PMMA diblock copolymers are 
given in Table 4-19. As it can be seen, products with narrow molar mass distribution were 
obtained. The exemplar SEC traces of a PPrMA-b-PMMA diblock copolymer (sample 
84.7PrM68.9) and its corresponding homopolymer are presented in Figure 4-39. 
 
Table 4-19. Molecular chracteristics of the synthesized PPrMA-b-PMMA diblock copolymers. 
 
 
Sample 
PPrMA/PMMA 
(mol/mol) 
Mn
(g/mol) 
Mw
(g/mol) 
Mw/Mn
21.9PrM138.1 11/89 149,400 160,000 1.07 
26.2PrM72.6 22/78 90,900 98,800 1.08 
51.1PrM113.5 26/74 151,500 164,600 1.08 
64.6PrM66.9 43/57 121,700 131,500 1.08 
84.7PrM68.9 49/51 134,000 153,600 1.15 
88.3PrM35.5 66/34 117,600 123,800 1.05 
112.7PrM15.5 85/15 116,000 128,200 1.10 
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Figure 4-39. SEC traces of sample 84.7PrM68.9 and its corresponding PPrMA homopolymer. 
 
Chain tacticity of both, PPrMA homopolymer and PPrMA-b-PMMA diblock copolymer, 
was determined by 13C NMR analysis (Figure 4-40), whereas diblock copolymer 
compositions were estimated from the 1H NMR spectra (Figure 4-41). Similarly as in the 
case of PPMA-b-PMMA, highly syndiotactic PPrM-b-PMMA diblock copolymers, rr = 82 
%, were obtained. 
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Figure 4-40. 13C NMR of PPrMA homopolymers and the diblock copolymer 84.7PrM68.9 in 
CDCl3. 
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Figure 4-41. 1H NMR spectrum of 84.7PrM68.9 in toluene. 
 
4.2.2 Phase behavior of PPrMA-b-PMMA diblock copolymers in bulk 
 
4.2.2.1 Thermal analysis 
 
From DSC measurements single glass transition temperatures were obtained for almost all 
PPrMA-b-PMMA diblock copolymers investigated in this study, except sample 
84.7PrM68.9, Figure 4-42, Table 4-20. Here, two separated Tg’s comparable to that of the 
corresponding PPrMA and PMMA homopolymers were detected. 
Figure 4-42. DSC-curves of PPrMA-b-PMMA diblock copolymers. 
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Table 4-20. Glass transition temperatures of investigated PPrMA-b-PMMA diblock copolymers. 
 
Sample 
fPPrMA
(wt%) 
Tg (DSC) 
(°C) 
Tg (Fox-Flory) 
(°C) 
21.9PrM138.1 14 127 117 
26.2PrM72.6 26 125 107 
51.1PrM113.5 31 119 104 
64.6PrM66.9 49 107 85 
84.7PrM68.9 55 64 / 117 - 
88.3PrM35.5 71 69 73 
112.7PrM15.5 88 63 60 
 
 
The existence of single Tg implies a formation of one mixed phase. Considering the results 
listened in the Table 4-20, we found that the Tg of the mixed phase depends strongly on the 
content of PPrMA (fPPrMA) in the diblock copolymers. Samples with low content of PPrMA 
are characterized by a high Tg corresponding to that of PMMA homopolymer. An increase 
of the fraction of PPrMA in the diblock copolymers led to systematic decrease of the Tg of 
the mixed phase. Using the Fox-Flory equation (Eq.4-7) we calculated the theoretical 
values of Tg of the mixed phase for each of the investigated PPrMA-b-PMMA diblock 
copolymers and compared the obtained values with the experimental ones. 
 
( )
Bg
A
Ag
A
g T
f
T
f
T ,,
11 −+=     4-7 
 
where, fA is the weight fraction of PPrMA, Tg,A is the glass transition temperature of 
PPrMA and Tg,B is the glass transition temperature of PMMA 
 
The results are summarized in Table 4-20. As can be seen in Figure 4-43, only for the 
samples with the highest content of PPrMA the experimental Tg’s are comparable with the 
values calculated by the Fox-Flory approach. For the diblock copolymers with fPPrMA up to 
0.49 the theoretical Tg’s are significantly lower than that obtained by DSC. This finding 
indicates that the experimental Tg’s of these samples are more influenced by the PMMA. 
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Figure 4-43. Comparison of the experimentally obtained Tg’s of mixed phase in PPrMA-b-PMMA 
diblock copolymers (black circles) with calculated data (dashed line). Red square represents the Tg 
of PMMA homopolymer, the green triangle the Tg of PPrMA homopolymer. 
 
 
Figure 4-44 shows the DSC traces of sample 84.7PrM68.9 and its corresponding PPrMA 
and PMMA homopolymers. The Tg’s of the both phases are only slightly shifted compared 
to the Tg’s of homopolymers indicative of an existence of two weakly mixed phases. The 
calculated amount of the PPrMA and PMMA in these mixed phases is summarized in 
Table 4-21.  
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Figure 4-44. DSC-curves of sample 84.7PrM68.9 and the corresponding PPrMA and PMMA 
homopolymers with molar masses comparable to both blocks. 
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Table 4-21. Mass contents of PPrMA and PMMA in the mixed phases. 
 
 
Sample 
Mw
(g/mol) 
fPPrMA 
(wt%) 
PPrMA in 
PPrMA 
phase 
(wt%) 
PPrMA in 
PMMA 
phase 
(wt%) 
PMMA in 
PPrMA 
phase 
(wt%) 
PMMA in 
PMMA 
phase 
(wt%) 
84.7PrM68.9 153,600 55 0.51 0.04 0.12 0.33 
 
 
The results reveal that the miscibility of PMMA in the PPrMA phase is higher than in the 
other case. 
The measurements of the thermal stability of PPrMA-b-PMMA provided that the 
diblock copolymers were stable up to approximately 200 °C. Afterward degradation starts 
until maximum is reached at about 400 °C (Figure 4-45). 
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Figure 4-45. TGA traces of investigated PPrMA-b-PMMA diblock copolymers. 
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4.2.2.2  Investigation of the phase separation by means of SAXS measurements 
 
The SAXS measurements were performed under the same temperature regime as that used 
for PPMA-b-PMMA diblock copolymers. Figure 4-46 shows the scattering patterns of the 
investigated PPrMA-b-PMMA diblock copolymers. 
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Figure 4-46. SAXS patterns of PPrMA-b-PMMA block copolymer: a) 21.9PrM138.1 with MAP Prφ  
= 0.15; b) 26.2PrM72.6 with MAP Prφ  = 0.28; c) 51.1PrM113.5 with MAP Prφ  = 0.33; d) 64.6PrM66.9 
with MAP Prφ  = 0.51; e) 84.7PrM68.9 with MAP Prφ  = 0.57; f) 88.3PrM35.5 with MAP Prφ  = 0.73. The 
arrows indicate the relative positions of the scattering maxima. The SAXS profiles are vertically 
shifted for better visualization. 
 
 
The scattering curves of sample 21.9PrM138.1 with MAP Prφ  = 0.15 did not exhibit any 
peaks at the beginning of the measurements, indicating that the sample was not phase 
separated. However, with increase of the temperature, especially above 140 °C two 
distinguishable peaks appeared with relative peak positions 1:0.579. Moreover, at q = 0.56 
nm-1 a probable existence of a higher-order peak, marked by dotted arrow in Figure 4-46a, 
is assumed. Considering the positions of all peaks, one can conclude that they correspond 
to the diffraction peaks of hexagonally packed cylinders (Table 4-22). The low intensity of 
the higher-order peaks indicates that the interfaces were rather broad. Thus, the sample is 
found to be very weakly phase separated. This is caused most likely by the small difference 
between the chemical structure of both components. In this case a clear influence of the 
temperature on the phase separation was observed. The microstructure did not exist at 
room temperature, formed only after heating, and remained unchanged after cooling. 
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Table 4-22. The net plane spacings (dhkl) of the scattering maxima and their ratios (dhkl/d100) 
obtained from the scattering patterns of the PPrMA-b-PMMA diblock copolymers with 
hexagonally packed cylinders. 
 
 
Sample 
 Scattering Maxima  
       1               2                3                 4 
 
dhkl [nm]      31            18                              (11)  21.9PrM138.1 dhkl/d100       1           0.580         0.5           (0.355)  
26.2PrM72.6 
dhkl [nm] 
dhkl/d100
     31            18         (15.5)            11 
 
      1           0.580         0.5            0.355 
 
51.1PrM113.5 
dhkl [nm] 
dhkl/d100
     37           (21)          (18)             13.5  
      1          (0.567)       (0.49)        0.364  
Hexagonally 
packed cylinders 
dhkl/d110       1           0.577          0.5           0.378  
[reciprocal]      [1]         [√3]         [√4]           [√7]  
 
For the sample 26.2PrM72.6 with MAP Prφ  = 0.28 one broad maximum at q = 0.22 nm-1(Ds = 
28 nm) was observed at the beginning of the measurement up to 140 °C. After that, at 
about 200 °C, the intensity of the maximum significantly increased and its position shifted 
towards lower values of q, q = 0.20 nm-1(Ds = 31nm). Moreover, with increase of the 
temperature weak higher-order peaks appeared at the relative peak positions 1:0.58:0.355. 
This sequence correlates well with that assumed for the hexagonally packed cylinders 
(Table 4-22). The √4 peak, which should occur at q = 0.40 nm-1 (dotted arrow in Figure 4-
46b), is not well discernible from the scattering patterns most likely due to the coincidence 
of its position with that of the second peak. However, considering the volume fraction of 
the sample 26.2PrM72.6 and prediction reported by Hashimoto et al., it is also possible that 
the √4 peak is almost absent. As it has been already mentioned in chapter 4.1.2.2 (sample 
85.9PM29.7) Hashimoto et al. have provided that in case of hexagonally packed cylinders, 
√4 peak will be not visible when the volume fraction of the sample is about 0.274. 
A cylinder morphology was assumed for the sample 51.1PrM113.5 with MAP Prφ  = 0.33 
(Figure 4-46c and Table 4-22). Similarly as in the previous case, an increase of the 
temperature led to enhancement of the order of the microstructure and to a shift in the 
position of the first-order peak. The higher-order peaks also appeared, however, the third 
and second (marked by dotted arrows) are not well resolved. 
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In the case of samples 64.6PrM66.9 with MAP Prφ  = 0.51 and 84.7PrM68.9 with MAP Prφ  = 
0.57, a lamellar morphology was found (Figure 4-46d and 4-46e). The relative peak 
positions given in Table 4-23 are a clear evidence of this morphology. 
 
Table 4-23. The net plane spacings (dhkl) of the scattering maxima and their ratios (dhkl/d100) 
obtained from the scattering patterns of the PPrMA-b-PMMA diblock copolymers with lamellar 
morphology. 
 
 
Sample 
 Scattering Maxima 
       1                         2                          3 
64.6PrM66.9 
 
 
dhkl [nm]      45                    (22)                     15  
dhkl/d100       1                     0.48                  0.333 
84.7PM68.9 
 
dhkl [nm]      52                    (25)                       18  
dhkl/d100       1                     0.48                    0.346 
Lamellae 
 
dhkl/d100       1                       0.5                    0.333  
[reciprocal]      [1]                     [2]                     [3]  
 
In both cases the second-order peak is very tiny or almost absent from the scattering 
patterns due to the extinction condition, which was described in Chapter 4.1.2.2. The 
positions of scattering maxima obtained for sample 84.7PrM68.9 are much more shifted 
towards lower values of q than that observed for sample 64.6PrM66.9. Here, not only 
positions but also intensity of all maxima remained nearly unchanged over the whole 
temperature regime, indicating that the temperature did not have any significant influence 
on the microstructure. 
SAXS profiles of sample 88.3PrM35.5 with MAP Prφ  = 0.73 showed one broad maximum, as 
an indicative of a weakly phase separated system with poorly oriented microstructure. 
Table 4-24 summarizes the SAXS data obtained for PPrMA-b-PMMA diblock copolymers 
investigated in this study. 
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Table 4-24. Bulk domain spacing of PPrMA-b-PMMA diblock copolymers determined with SAXS 
measurements. 
 
 
Sample 
Volume 
fraction 
Domain 
spacing 
MAP Prφ  
Morphology 
[nm] 
21.9PrM138.1 0.15 cylinder 31 
26.2PrM72.6 0.28 cylinder 31 
51.1PrM113.5 0.33 cylinder 37 
64.6PrM66.9 0.51 lamellae 45 
84.7PM68.9 0.57 lamellae 52 
88.3PrM35.5 0.73 morphology not visible 31 
112.7PrM15.5 0.89 non-phase separated - 
 
 
The SAXS findings clearly demonstrate that despite of the small difference between the 
chemical structure of PPrMA and PMMA blocks, the PPrMA-b-PMMA diblock 
copolymers were phase separated and moreover, it was possible to recognize the existing 
morphology. Here, the following trends were observed. The microstructure became more 
pronounced when the temperature was increased, except samples 64.6PrM66.9 and 
88.3PrM35.5. The enhancement of the order of the microstructure demonstrated by the 
increase of the first-order peak intensity and appearance of the higher–order peaks was 
always connected with shift of the peak positions towards lower values of q. Moreover, the 
formed morphologies remained stable until cooling. Thus, the temperature significantly 
influenced the phase behavior of PPrMA-b-PMMA diblock copolymers leading finally to 
formation of well-known morphologies. Comparing these results with that obtained for 
PPMA-b-PMMA we found that they significantly differ from each other. It was also 
assumed that a slight decrease of the alkyl chain length distinctly affects the phase 
behavior of poly(alkyl methacrylate-b-methyl methacrylate) system. The observed 
difference between the both systems correlates with the results reported by Scherble et al. 
[15]. They found that the intrinsic interfacial width of polymethacrylic diblock copolymers 
decreases with an increase of the n-alkyl chain length. That means, the interphases in 
PPrMA-b-PMMA diblock copolymers will be broader than that in PPMA-b-PMMA. 
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Therefore, the scattering patterns of PPrMA-b-PMMA diblock copolymers showed mostly 
broad, not-well discernible higher-order peaks compared to the other system. 
 
4.2.2.3 Experimental phase diagram 
 
The phase diagram was established by considering the SAXS results obtained for PPrMA-
b-PMMA diblock copolymers. The spinodals and the interaction parameter were calculated 
by using the same formula as that utilized for PPMA-b-PMMA diblock copolymers 
(Chapter 4.1.2.4). For calculation of the value of the interaction parameter the solubility 
parameters as well as the molar volumes summarized in Table 4-25 were used. 
 
Table 4-25. Molar volume and solubility parameter of the PMMA and PPrMA homopolymers. 
 
 
Homopolymer 
Molar volume, Vm, 
(cm3/mol) 
Solubility parameter, δ, 
(Joule/cm3)1/2
PMMA 
 
 81.9 20.32 
PPrMA  114.1 19.57 
 
 
The value of the solubility parameter of PPrMA is only slightly higher than that of PPMA 
but the difference between δPPrMA and δPMMA is distinctly smaller compared to that of 
PPMA-b-PMMA. This difference clearly reflects the weakening of the interaction between 
the both components. 
The obtained interaction parameter for PPrMA-b-PMMA diblock copolymers is 0.022 at 
25 °C. It differs again from that obtained by Scherble et al. (χ = 0.063 at 140 °C). The 
discrepancy is related to the used method for the estimation of the interaction parameter 
and sample preparation, as it was already described in Chapter 4.1.2.4. However, 
irrespective of the used method, the value of the χ for PPMA-b-PMMA is explicitly higher 
than that of PPrMA-b-PMMA diblock copolymers, confirming the expected weakening the 
interaction between the segments with decrease of the alkyl side chain. 
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Figure 4-47. Experimental phase diagram for PPrMA-b-PMMA diblock copolymers. The 
calculated spinodals represent diblock copolymers with different polydispersities: Mw/Mn= 1.0 
(solid), Mw/Mn = 1.1 (dotted). Symbols denotes diblock copolymers with different polydispersities: 
(●)- Mw/Mn= 1.0; (■)- Mw/Mn = 1.1 Filled symbols denote phase separated samples, open symbols 
- non-separated sample. 
 
 
The spinodals are slightly shifted towards diblock copolymers with higher amount of poly 
propyl methacrylate. The asymmetry of phase diagram of PPrMA-b-PMMA is, however, 
not so pronounced as in the case of PPMA-b-PMMA diblock copolymers due to smaller 
structural difference between the PPrMA and PMMA blocks. 
 
4.2.3 Phase behavior of PPrMA-b-PMMA diblock copolymers in thin films 
 
The thin films of PPrMA-b-PMMA diblock copolymers exhibited mostly smooth and 
structureless surfaces, independent of the film thicknesses, as indicated by AFM 
measurements. Figure 4-48 shows exemplar AFM images. Only thin films of sample 
84.7PrM68.9 showed a disordered nanostructure, indicative of phase separation but 
without long-range order (Figure 4-49). 
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Figure 4-48. TMAFM images of thin films of the sample 51.1PrM113.5, a) 1 x 1 μm2, Ra = 0.21 
nm, Df = 38 nm; b) 30 x 30 μm2, Ra = 0.15 nm, Df = 38 nm; c) 1 x 1 μm2, Ra = 0.20 nm, Df = 76 nm; 
d) 30 x 30 μm2, Ra = 0.20 nm, Df = 76 nm. The right and left columns present the height and phase 
images, respectively. 
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Figure 4-49. TMAFM images of thin films of the sample 84.7PrM68.9, a) 1 x 1 μm2, Ra = 0.49 
nm, Df = 35 nm; b) 30 x 30 μm2, Ra = 0.30 nm, Df = 70 nm. The right and left columns present the 
height and phase images, respectively. 
 
 
4.2.4 Wettability of thin films of PPrMA-b-PMMA diblock copolymers 
 
The ADSA-P provided that the measured advancing contact angles on the PPrMA-b-
PMMA surfaces were in the range of 83 – 89° (Table 4-26). Considering the contact angles 
of the corresponding poly(methyl methacrylate) (74°) and poly(propyl methacrylate) (93°) 
homopolymers (Table 4-15) we found that the obtained contact angles for the diblock 
copolymers were in between both values (Figure 4-50), and hence, we assumed that they 
could be determined by both components. That means, both PPrMA and PMMA should 
exist at the film surface. 
 
Table 4-26. Advancing and receding water contact angles, contact angle hysteresis (Δθ) obtained 
by ADSA for thin PPrMA-b-PMMA diblock copolymer films. 
 
Sample 
Molar fraction 
of PPrMA 
θa (deg) θr (deg) Δθ = θa - θr
21.9PrM138.1 0.11 83.3 ± 0.03 66.5 16.8 
51.1PrM113.5 0.26 86.1 ± 0.05 69.2 16.9 
64.6PrM66.9 0.43 88.9 ± 0.04 71.9 17 
84.7PrM68.9 0.49 85.7 ± 0.03 69.2 16.5 
88.3PrM35.5 0.66 85.8 ± 0.05 69.5 16.3 
112.7PrM15.5 0.85 88.8 ± 0.03 70.6 18.2 
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Figure 4-50. Advancing contact angle versus molar fraction of PPrMA in PPrMA-b-PMMA 
diblock copolymers. 
 
 
In order to prove the above assumption we carried out XPS measurements on the 
investigated samples. Based on the XPS spectra we calculated the relative fractions of 
PPrMA and PMMA at the surface using the formula given in Appendix. The obtained 
results (Table 4-27) showed that in fact, both components were present at the surface. 
Moreover, an increase of the fractions of the poly(propyl methacrylate) in the diblock 
copolymers led simultaneously to increase of its amount at the surface (Figure 4-51). 
 
 
Table 4-27. Relative fractions of PPrMA and PMMA at the surfaces of PPrMA-b-PMMA diblock 
copolymers obtained from XPS spectra at Take-off angle of 75° (investigation depth ~ 4nm). 
 
 
Sample 
Molar 
fraction of 
PPrMA 
[O]/[C]spec.
PPrMA / PMMA 
(at the surface) 
(mol%) 
21.9PrM138.1 0.11 0.35 42 / 58 
84.7PrM68.9 0.49 0.32 67 / 33 
112.7PrM15.5 0.85 0.30 84 / 16 
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Figure 4-51. [O]/[C] ratios obtained by XPS measurements at Take-off angle of 75° for samples 
21.9PrM138.1 with 0.11(mol%) of PPrMA; 84.7PrM68.9 with 0.49(mol%) of PPrMA; 
112.7PrM15.5 with 0.85(mol%) of PPrMA. Red and green columns show [O]/[C] ratios of PPMA 
and PPrMA homopolymers, respectively. 
 
 
Based on our results we concluded that the wettability of the PPrMA-b-PMMA surfaces 
differs form that observed for the PPMA-b-PMMA diblock copolymers. The obtained 
advancing contact angles on PPrMA-b-PMMA surfaces did not correspond to that of pure 
PPrMA, even in the case of sample 112.7PrM15.5 with the highest molar fraction of 
PPrMA, f = 0.85. It is also apparent that, despite of relative large difference between the 
surface free energies of PPrMA and PMMA blocks, the PPrMA did not form any thin 
homogenous layer on the top of the polymer surface. However, it should be noted here, 
that the sample with the lowest fraction of PPrMA, f = 0.11, exhibited relative high value 
of advancing contact angle, significantly higher (Δ ~ 10°) than that obtained on the PMMA 
homopolymer surfaces. Similar behavior was observed for the PPMA-b-PMMA diblock 
copolymers having very small amount of PPMA (Chapter 4.1.4). Thus, it is obvious that 
the PPrMA has a larger influence on the wettability of the PPrMA-b-PMMA surfaces than 
PMMA. However, its influence on the measured contact angle is not so pronounced as in 
the case of PPMA. This behavior is most likely caused by the smaller difference in the 
chemical structure between the PPrMA and PMMA segments than that between PPMA 
and PMMA, which leads to the weakening of their interactions. 
The findings obtained for PPrMA-b-PMMA system provided that the wettability of the 
poly(alkyl methacrylate-b-methyl methacrylate) surfaces depends mainly on their 
compositions, and hence is in good agreement with the previously assumed tendency. 
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5 SUMMARY AND OUTLOOK 
 
In this thesis detailed investigations of the phase behavior of poly(n-alkyl 
methacrylate-b-methyl methacrylate) (PnAlkMA-b-PMMA) diblock copolymers and its 
influence on the wettability of the polymer surfaces were carried out. For this investigation 
two polymethacrylic systems differing only in the alkyl rest of one block: poly(pentyl 
methacrylate-b-methyl methacrylate) and poly(propyl methacrylate-b-methyl methacrylate) 
have been chosen in order to prove how this substituent affects the phase behavior of 
whole system. 
The PnAlkMA-b-PMMA diblock copolymers in a wide range of molar masses, 
12,000 – 150,000 g/mol, and with varied block length ratios were synthesized by living 
anionic polymerization. The syntheses were carried out in tetrahydrofuran (THF), at –78 
°C, by using sec-buthyllithium as initiator, in the presence of lithium chloride (LiCl). 
Under these conditions highly syndiotactic products, rr ~ 82 %, with very narrow molar 
mass distribution, Mw/Mn ~ 1.1, were obtained as demonstrated by SEC and 13C NMR 
analysis. 
First, the phase behavior of PPMA-b-PMMA diblock copolymers both in bulk and 
in thin films was described. The DSC analysis revealed that the diblock copolymers with 
weight fractions of PPMA, fPPMA, from 0.28 up to 0.86 showed two separate Tg’s, 
indicative of a phase separated system. Only samples with the lowest fPPMA (0.07 and 0.10), 
as well samples with the lowest molar masses (12,000 – 14,000 g/mol) exhibited a single 
Tg, which would imply a homogeneous system. By comparing the Tg’s of the diblock 
copolymers with the Tg’s of the corresponding PPMA and PMMA homopolymers we 
found that in a few cases, mostly for samples with the high molar masses, they were 
slightly shifted. This finding pointed out the existence of two mixed phases, and hence 
partial miscibility between the both blocks was assumed. In further steps of the 
investigation of the phase behavior of PPMA-b-PMMA diblock copolymers in bulk, SAXS 
measurements were performed. The SAXS patterns reflected for most diblock copolymers 
lamellae morphologies even in the case of very asymmetric composition, for instance with 
volume fraction of PPMA, PPMAφ  = 0.86. The existence of a lamellar morphology in this 
wide composition range is rather unusual for the block copolymers system and is found 
only for a limited number of systems, for instance in PEO-PI diblock copolymers [64]. It 
was assumed that this behavior is caused by the chemical similarity of both blocks as well 
as by the differences in their molar volumes. It was already demonstrated that the 
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conformational asymmetry plays a dominant role in shifting the position of the OOT, i.e. it 
shifts the phase boundaries towards compositions richer in the segment having higher 
asymmetry. The SAXS findings were further confirmed by the AFM measurements. AFM 
images of the cutted “bulk” samples showed that the PPMA-b-PMMA diblock copolymers 
formed nanophase separated systems with well-discernible lamellae-like morphologies. 
From the solubility concept of Van Krevelen we obtained that the interaction parameter of 
PPMA-b-PMMA is rather low, χ = 0.065, compared to the other well-known diblock 
copolymers. The calculated spinodals are characterized by a high asymmetry around PPMAφ  
= 0.5. The observed asymmetry of the phase diagram clearly reflects the asymmetry 
between the chemical structure of both components. Moreover, it was found that the 
theoretical data were in good agreement with the experimental results. 
The investigation of the phase behavior of PPMA-b-PMMA in thin films showed 
that the morphology as well as the topography of the thin films were strongly affected by 
the film thickness, when the films were prepared from a non-selective solvent (THF) onto 
silicon wafers. Here, the following tendencies were observed. For thin films with thickness 
slightly less than the bulk domain spacing terraced structures were mostly formed on the 
top of the film surfaces, suggesting a parallel arrangement of lamellae. In case of thicker 
films the topographical features were lost and the surfaces were smooth and featureless. 
Well-recognizable nanostructures with long-range order were mainly found in thin films of 
diblock copolymers with high molar masses, above 100,000 g/mol, and with a high amount 
of PPMA. The lateral domain spacing obtained for these films from AFM corresponded 
well with that found in bulk. Such nanostructured samples present also a very suitable tool 
for future investigations. They can be namely used as templates to produce new polymeric 
materials. 
The study of the influence of the thermal as well as vapor annealing on the 
morphology and topography of the thin films provided additional information about the 
phase behavior of PPMA-b-PMMA diblock copolymers in thin films. After annealing at 
140 °C for 24 h round-shaped holes formed on the surface and the nanostructure vanished 
in case of films with thickness comparable with domain period. For the thicker films a 
partial destruction of the original morphology and formation of ribbon-like islands was 
observed. An annealing in the saturated vapor of the DMF, a selective solvent for PMMA 
block, caused slight changes in the surface topography and led to an increase of the domain 
spacing, independent of the film thickness. While an annealing in n-hexane, a selective 
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solvent for PPMA block, did not provide any change in the morphology and topography of 
the thin as well as thick films. 
Finally, the wettability of the investigated PPMA-b-PMMA surfaces was 
established by means of contact angle measurements. The measured contact angles were in 
most cases even on nicely nanostructured surfaces very similar to the contact angle of 
PPMA, indicating preferential segregation of PPMA to the film surface. Additional XPS 
measurements also showed an enrichment of the PPMA at the surface, independent of the 
morphology observed by AFM, and thereby confirmed the ADSA finding. Thus, it was 
found that the wettability of the PPMA-b-PMMA surfaces is more influenced by the 
molecular (chemical) composition of the system and its tendency to minimize the total 
energy than by its nanostructuration. In case of the thin films for which both components 
were observed in AFM on the surface an existence of a very thin layer of PPMA on the top 
of the surface covering the underlying nanostructure was assumed. 
In the next part of this work, investigations of the phase behavior of PPrMA-b-
PMMA diblock copolymers were presented. In the contrary to the previous system the 
PPrMA-b-PMMA showed mostly a single Tg, which was further found to be depend on the 
weight fraction of PPrMA, fPPrMA. That is, an increase of the fPPrMA led to a systematic 
decrease of the Tg of the mixed phase. The SAXS data revealed that the PPrMA-b-PMMA 
diblock copolymers were phase separated in bulk, however the obtained scattering patterns 
exhibited mostly broad, not-well discernible higher-order peaks. This might be caused by 
the existence of relative broad interfaces in PPrMA-b-PMMA diblock copolymers, as it 
was suggested by Scherble et al. [15]. Nevertheless, it was possible to identify the formed 
morphologies and depending on the volume fraction of PPrMA, hexagonally packed 
cylinders and lamellae were detected. The PPrMA-b-PMMA is characterized by a 
significantly lower value of the interaction parameter, χ = 0.022, than the PPMA-b-PMMA 
system. This difference clearly reflects the weakening of the interactions between the 
components with decrease of the length of the alkyl side chain. The thin films of PPrMA-
b-PMMA diblock copolymers appeared mostly smooth and featureless, independent of the 
film thickness. From the contact angle and XPS measurements we obtained, that unlike the 
PPMA-b-PMMA, both components were always present on the top of the surface. 
The presented study has also revealed that the PPMA-b-PMMA diblock 
copolymers exhibited a stronger tendency to undergo a phase separation and formation of 
nanophase separated surfaces than the PPrMA-b-PMMA system. The obtained results 
clearly showed that a decrease of the alkyl chain length profoundly affects the phase 
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behavior and wettability of the whole system. However, it was found that independent of 
the investigated system, the wettability of thin polymer films was mainly governed by the 
composition of the system and the observed nanostructure did not have any influence on 
this feature. 
It is quite evident that this study essentially contributed to broadening our 
knowledge about the phase behavior of diblock copolymers in bulk and thin films and the 
obtained information can be useful for better understanding of this phenomenon. Moreover, 
this work provides an interesting opportunity for further systematic studies on the phase 
separation of polymethacrylic diblock copolymers. Future investigations may include the 
synthesis of functional products by attachment of suitable functional groups to the chain 
end as well as preparation of nanocomposites by addition of nanoobjects and study of their 
influence on the surface morphology and surface properties. 
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6 EXPERIMENTAL PART 
 
6.1 Solvents and reagents 
 
6.1.1 Solvents 
 
Tetrahydrofuran (THF) 
Inhibitor-free THF was dried over KOH and thereafter transferred under argon into new 
flask. After addition of CaH2 medium was boiled under backflow over 2 days and then 
distilled. Finally desired amount of Na and K was added and the solvent was again boiled 
under backflow. 
 
Cyclohexane 
Purification and drying of cyclohexane was carried out similarly to the THF. 
 
6.1.2 Monomers 
 
Methyl methacrylate (MMA): 
MMA was first destabilized by washing with 2 % KOH and neutralized with distilled 
water. Afterwards the monomer was left over CaO for 2 days at room temperature. Finally, 
MMA was vacuum-distilled under argon and stored above CaH2 at –10 °C. Prior to the 
polymerization MMA was titrated with 1M-triethylaluminium solutions in hexane until a 
yellowish-green color appeared and again vacuum-distilled under argon, according to the 
procedure described by McGrath. 
 
Alkyl methacrylate : 
Pentyl methacrylate as well as propyl methacrylate were prepared according to the 
procedure described by Budde. The desired amounts of akyl alcohol (pentanol or 
propanol), methacrylic acid and p-toluenesulfonic acid monohydrate were solved in 
toluene and the mixture was boiled in the presence of small amount of hydroquinone for 3 
h. Afterwards, solvent was distilled off and the residue vacuum-distilled. The main fraction 
was fractionated over Vigreux column, dried over CaH2 and again fractionated in order to 
elimination the residual n-pentyl alcohol. 
The final product was stored and purified prior to the synthesis similarly as MMA. 
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6.1.3 Initiator 
1,3 M sec.-butyllithium (sec-BuLi) in cyclohexane solution was diluted additionally with 
cyclohexane and required concentration of this solution was estimated according to the 
procedure described byGilman. 
 
6.1.4 1,2-dibromethane 
1,2-dibromethane was dried over molecular sieve (0,4 nm) and then stored in a round-
bottomed flask with three-way cock. 
 
6.1.5 1,1-diphenylethylene (DPE) 
1,1-diphenylethylene was vacuum-distilled and thereafter titrated with sec-BuLi until 
deeply red color appeared. Prior to the polymerization required amount of 1,1-
diphenylethylene was degassed and vacuum-distilled. 
 
6.1.6 Lithium chloride (LiCl) 
LiCl was dried in vacuum at 120 °C for 24 h and stored in dehydrator. 
 
6.1.7 Triethylaluminium 
1.0 M solution in hexane was stored in a round-bottomed flask with three-way cock and 
used as received. 
 
6.1.8 Argon 
Argon with 5.0 purity was used. Additionally, it was dried by flowing through a column 
with an active drying and adsorption agent (Hydrosorb, Oxysorb). 
 
6.1.9 Equipment 
All instruments including flask, cocks, stirrer were washed in chromosulfuric acid and then 
thoroughly rinsed with distilled water and dried at 120 °C. 
Syringes and needle were stored at 50 °C. 
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6.2 Synthesis of PnAlkMA-b-PMMA diblock copolymers 
 
The polymerization was carried out in glass reactors equipped with an inlet for 
argon/vacuum. All reagents including initiator, DPE and, monomers were transferred via 
syringe technique. Utilized glass reactors were heated under vacuum to about 600 °C and 
ventilated with dry argon. 
Dry THF was condensed into the polymerization reactor and titrated with a few drops of 
sec-BuLi until an orange color appeared indicating a pure solvent and airtight system. Then 
the required amount of DPE was added and the color changed to red. Next, the calculated 
amount of sec-BuLi solution in cyclohexane was added and after 10 min mixture was 
cooled to –78 °C using an ethanol/dry ice bath. After 45 min the first monomer which was 
generally that with longer side chain was injected within approximately 1 min under strong 
stirring (solution turned colorless). The polymerization was allowed to proceed for 30 min. 
A small amount of the first block was rejected from the polymerization reactor and 
quenched with degassed methanol, followed by addition of the second monomer (MMA). 
After 30 min the polymerization was quenched by adding 1 mL of degassed methanol. The 
precipitated product was filtered off and dried at 50 °C in vacuum. 
 
OO
m
b
O O
n
H
1
2
3
4
 
 
1H NMR (500 MHz, CDCl3) δ [ppm]: 1.44-1.34 (-CH3, 1,2), 3.53-3.39 (-OCH3, 3), 4.13-
4.00 (-OCH2, 4), 
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6.3 Experimental techniques 
 
Size Exclusion Chromatography (SEC) 
 
The molar masses were determinated by using 10 µm MIXED-B column (Polymer 
Laboratories, UK) with CHCl3 as eluent at a flow rate of 1ml/min at 25 °C, by using RI 
detector (K-2301, KNAUER, Germany). The calibration was done using narrowly 
distributed PMMA standards (Free Trial EasiVial PPMA Standards, Polymer Laboratories, 
UK). 
Nuclear Magnetic Resonance (NMR) 
 
1H NMR spectra were recorded at room temperature on a Bruker DRX 500 NMR 
Spectrometer (BRUKER, Rheinstetten, Germany) operating at 500.13 MHz. Solvents used 
were: CDCl3, Toluene-d8. WinNMR (Bruker) program was used for analysis of spectra. 
Differential Scanning Calorimetry (DSC) 
 
DSC measurements were carried out with DSC7 (Perkin Elmer, Germany, with Pyris-
Software Version 4.01). The samples were measured in the temperature range of –60 to 
200 °C at a heating rate of 20 K/min. The Tg,s were determined from the second heating 
run using the Δcp half step method. 
 
Thermal gravimetric analysis (TGA) 
TGA measurements were carried out with TGA7 (Perkin Elmer, Germany, with Pyris-
Software Version 4.01) under N2 atmosphere (temperature program from 30 to 700 °C and 
heating rate 10 K/min). 
Small Angle X-ray Scattering (SAXS) 
 
Temperature-dependent SAXS measurements were conducted at beamline A2 (DESY 
Hamburg, HASYLAB). 
Atomic Force Microscpoy (AFM) 
 
AFM measurements were performed on a Nanoscope IIIa Microscope Dimension 3100 
scanning force microscope (Digital Instruments, Veeco Metrology Group Inc., Santa 
Barbara, USA) in Tapping-Mode. The set-point ratio rsp (ratio between the set-point 
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amplitude Asp and the free vibrational amplitude A0) was chosen to be 0.6, in order to 
perform the measurements in the repulsive regime of AFM. The cantilever characteristic 
are: sprig constant 1.5-3.7 Nm-1, resonant frequency 45/65 Hz, tip radius about 10 nm. 
Simultaneously height and phase images were recorded. 
Ellipsometry 
 
The thickness of the polymer films was measured by an SE400 ellipsometer (SENTECH 
Instruments GmbH, Germany) with a 632.8 nm laser at a 70° indicent angle. 
X-ray photoelectron spectroscopy (XPS) 
 
Angle- resolved XPS measurements were performed on an Axis Ultra (Kratos Analytical, 
UK) spectrometer with a monochromatised AlKα1,2 X-ray light source of 300 W at 15 kV. 
Spectra were acquired at the three different take-off angles: 0, 60, and 75°. Electronic 
charging of the samples was avoided by means of a low-energy electron source in 
combination with a magnetic immersion lens. 
Axisymmetric Drop Shape Analysis (ADSA) 
 
Sessile drop contact angle measurements using ADSA-P were performed dynamically, 
using a motor-driven syringe to pump liquid steadily into the sessile drop from below the 
surface. Contact angle, surface tension of the test liquid, drop volume and the radius of the 
three-phase contact line were calculated simultaneously. 
Sample preparation 
 
Prior to the dip-coating the silicon wafers were cleaned in an ultrasonic bath (in 
dichloromethane) for 15 min at room temperature. Thereafter the wafer were immersed in 
a bath consisting of 30% H2O2, 30% ammonium hydroxide, distilled water, in the ratio 
1:1:2, for 30 min at 80 °C and then thoroughly rinsed with Milipore water and dried under 
nitrogen flow. 
Thin films were prepared by dip-coating from filtered 2 mg/mL THF solutions, with the 
dip-coating rates ranging from 0.3 – 1.0 mm/s. 
The “bulk” samples were embedded in epoxy resin and subsequently cut with Ultramicron 
knife. 
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7 APPENDIX 
• Calculation of the mass contents of PPMA and PMMA in the mix 
phases of diblock copolymers 
Calculation of the mix phases are shown an example of block copolymers 107.4PM35.4 
with molar mass Mw = 142,800 and with weight fraction of PPMA 0.75.  
 
Sample 
Mw 
(g/mol) 
Tg
(K) 
PPMA- block im BCP 107,400 288 
PMMA- block im BCP 35,400 338 
PPMA- homopolymer 68,900 277 
PMMA- homopolymer 40,200 400 
 
A Poly(pentyl methacrylate) (PPMA) 
B Poly(methyl methacrylate) (PMMA) 
1- PPMA rich composition 
2- PMMA rich composition 
 
1. Each „mixed phase“ was consider as a separate composition, i.e. equation (1) was used 
to calculation of the weight fraction for each phase: 
                                              
Bg
Ag
Bg
g
A
TT
TT
f
,
,
,
1
1
1
1
−
−
=                                              (1) 
 
a) weight fraction of PMA in the composition 1: 
 
88.0
400
1
277
1
400
1
288
1
,1 =−
−=Af  
 
Weight fraction of MMA in the composition 1 was estimated acc. to the equation (2): 
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f1,A + f1,B = 1    (2) 
f1,B = 1-0.82 = 0.12 
b) weight fraction of PMA in the composition 2: 
41,0
400
1
277
1
400
1
338
1
,2 =−
−=Af  
 
                                                f2,B = 1-0.03 = 0.59 
 
2. The ratios of the weight fractions are given by: 
B
A
f
f
,1
,1
1 =φ      (3) 
B
A
f
f
,2
,2
2 =φ      (4) 
3.7
12.0
88.0
1 ==φ  
69.0
59.0
41.0
2 ==φ  
3. CA - total content of PMA in block copolymer (wt%) and CB - total content of MMA in 
block copolymer (wt%) can be calculated using Eq. (5), (6) and (7): 
 
12
1
,2 φφ
φ
−
−= BAB CCm     (5) 
 
BBB mmC ,2,1 +=     (6) 
BBB mCm ,2,1 −=  
09.016.025.0,1 =−=Bm  
 
AAB mCm ,2,11 −=φ     (7) 
( ) 09.009.03.775,0,2 =∗−=Am  
66.009.075.0,1 =−=Am  
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• Quantization of the elemental surface compositions ([O]/[C]) on the 
basis of XPS measurements 
 
The elemental surface compositions were obtained acc. To the Eq.(8): 
                                        
FunctionTxRSF
RawAreaNormArea
.⋅=    (8) 
 
(CPS - Counts per second) 
The elementar ratios of [O]:[C]|C1s, were evaluated from the C1s spectrum acc. to Eq. 9: 
 
                          [ ][ ]
[ ] [ ] [ ]( )
[ ] [ ] [ ] [ ]DCBA
DCD
C
O
sC +++
−+= 2| 1    (9) 
where, 
[A], [B], [C], [D] show the structure components, i.e. the main component [A] is related to 
the saturated hydrocarbons CxHy, [D] is identified with ester group (O=C-O-C), [B] 
characterizes carbon in the ß-position to the ester group (C-C(O)-O-C), and [C] presents 
the carbon of the ester group (O=C-O-C). 
The relative fractions of the PPMA or PPrMA, and PMMA blocks were calculated from 
the [O]:[C]|spec or [O]:[C]|C1s by using Eq.10a and Eq.10b: 
 
[ ]
[ ]
[ ]
[ ]
[ ]
[ ] specPAMAtheoPMMAtheo C
O
C
Ox
C
Oy ||| =+    
or 
[ ]
[ ]
[ ]
[ ]
[ ]
[ ] sCPAMAtheoPMMAtheo C
O
C
Ox
C
Oy 1||| =+   (10a) 
 
where [ ][ ] theoPMMAC
O  is 0.4; [ ][ ] MAtheoPC
O
Pr
 is 0.28, and [ ][ ] theoPPMAC
O  is 0.22. 
 
 
                                                       1=+ xy       (10b) 
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8 LIST OF SYMBOLS AND ABBREVIATIONS 
 
ADSA Axisymmetric Drop Shape Analysis 
AFM Atomic Force Microscopy 
ATRP Atom Transfer Radical Polymerization 
CHCl3 chloroform 
Df film thickness 
Ds domain spacing 
DMF Dimethylformamide 
DSC Differential Scanning Calorimetry 
Ecoh cohesive energy density (Joule) 
fPPMA weight fraction of PPMA (wt%) 
fPPrMA weight fraction of PPrMA (wt%) 
GISAXS Grazing Incidence Small Angle X-ray Scattering 
GTP Group Transfer Polymerization 
HML hexagonally modulated lamella 
HMTETA 1,1,4,7,10,10-hexamethyltriethylene tetramine 
HPL hexagonally perforated layers 
KCS constant of contact and solvent-separated ion pairs 
KD dissociation constant 
LiCl lithium chloride 
Mn number average molar mass (g/mol) 
Mw weight average molar mass (g/mol) 
Mw / Mn molar mass distribution 
N degree of polymerization 
NMP Nitroxide Mediated Polymerization 
NMR Nuclear Magnetic Resonance Spectroscopy 
ODT disorder to order transittion 
PI-b-PS poly(isoprene-block-butadiene) diblock copolymer 
PMMA poly(methyl methacrylate) 
PMDETA pentamethyl diethylene triamine 
PnAlkMA poly(n-alkyl methacrylate) 
PnAlkMA-b-PMMA poly(n-alkylmethacrylate-block-methyl methacrylate) diblock 
copolymer 
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PPMA poly(pentyl methacrylate) 
PPMA-b-PMMA poly(pentyl methacrylate-block-methyl methacrylate) diblock 
copolymer 
PPrMA poly(propyl methacrylate) 
PPrMA-b-PMMA poly(propyl methacrylate-block-methyl methacrylate) diblock 
copolymer 
PS-b-PB poly(styrene-block-butadiene) diblock copolymer 
PS-b-PMMA poly(styrene-block-methyl methacrylate) diblock copolymer 
PS-b-PVP poly(styrene-block-2-vinylpiridine) diblock copolymer 
RAFT Reversible Addition-Fragmentation Chain Transfer polymerizaton 
RPA Random Phase Approximation 
1/S(q) structure factor 
SAXS Small Angle X-ray Scattering 
SEC Size Exclusion Chromatography 
SCFT Self-Consistent Field Theory 
sec-BuLi secundar buthyllithium 
SSL Strong Segregation Limit 
T average height of terraces 
TEM Transmission Electron Microscopy 
TEMPO 2,2,6,6-Tetramethylpiperidinyloxy 
Tg glass transition temperature (°C) 
TGA Thermal Gravimetric Analysis 
THF tetrahydrofuran 
WSL Weak Segregation Limit 
Vm molar volume (cm3/mol) 
XPS X-ray Photoelectron Spectroscopy 
γSV surface tension (energy) (mJ/m2) 
δ solubility parameter (Joule/cm3) 
θa advancing contact angle (deg) 
θr receding contact angle (deg) 
Δθ contact angle hysteresis 
χ Flory-Huggins interaction parameter 
PPMAφ  volume fraction of PPMA 
MAP Prφ  volume fraction of PPrMA 
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